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pliances used in the 
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This issue of the Journal completes the series of articles on wireless commu- 
nications tiiat we started in the December issue. There are also articles on HP 
CaLan, a cable system tester, and on the pager testing capability of the HP 8648A 
signal generator 

So, while this issue embodies continuity, there are also many changes taking 
place at the Journal You may have noticed the graphic redesign that we rolled 
out with the December issue. Our goats are to make the Hewlett-Packard Jour- 
nal easier to read and more contemporary looking. We 're pretty sure we^ve 
achieved the second goal, and we hope we've succeeded with the first as welL 

Other changes aren't quite as visible. In 1998, the Journal wilt become a quar- 
terly publication. Well publish in May, August and November We're doing this 
for a couple of reasons. First, we want to devote more time and resources to our 
online edition of the Journal If you would like to be notified, via e-mail, about 
new articles or features appearing at our site, use E-Mail Notification at our 
website (see URL on next page} to register your e-mail address. Well do the 
rest 
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WHAT'S AHEAD 



The other reason for becoming a quarterly is that we want to spend more 
time to make the Journal even more reflective of whafs going on at HR The 
company is changing rapidly — new technologies, new markets, and new 
businesses are taking shape in every part of the company and we want to 
bring our readers the stories of, and behind, HPs many new directions. 

Finally, there s been a change on the Journal's editorial staff. Dick Dolan has 
retired after 32 years with HP, including U years as editor of the Journal His 
high standards and wise stewardship have been crucial to the Journal's 
long-term success. I'd like to thank Dick for a job very well done. 

Dick's successor is Steve Siano. Steve has been working for the Kobe 
(Japan) Instrument Division within HP's Test and Measurement Organization, 
and he brings a lot of fresh ideas and energy to the staff. 

Steve Beitter 
Executive Editor 



In ]Vtay we will have eiglit articles on 
HP s iinpleiiientatlon of OpenGL (a 
grapliies Al'I ) and associaTeri products, 
including one article on tlie Kayak PC 
worsiattoti. We will also have articles oti 
enterprise link software, a software tool 
for customer support, and a study of 
errors in forecasting the demand for 
components used in products. 
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The Flewlett-Packard Journal is available online at: 

http://www. hp.com/hpj/joumalJitnil 

A qui(*k tour of our site: 

Current Issue — see it before it reaches your miiittjox. 

Past Issues — review baclc to Februaty 1994, complete with links to other liP sites. 
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Articles 



Wireless Cammunieationsi 
A Spectrum oropparlunjtlei 



WllfiamJ. McFarfand 
The tremeiuioiis growth in wireless 
communication products has ereared 
a parallel growth in research and develop- 
nien( for high-perfo nuance components 
for these products. 



O 



The IrDA Standards for 
lli|h^ Speed Infrared 
CommuniGatlons 



lain Millar, Martin Beale, 

Bryan J. Donoghue, KtrkW. Lindstrom, 

and Stuart Williams 

A core set of indnstr>' standards has 
been created to ensure interoperability 
among infrared-capable products. 



(^^^ Giossary 




RF Technology Trade-offs for 
Wireless Data Applkalions 



Kevin }. Negus, Bryan T, Infrartit John D. 
Waters, and William J. McFarland 

Current RF wireless ^*stem standards 
and applications are placing demands on 
RF semiconductor niannfacturei's Lo pro- 
duce higldy specific and optimiised RFIC 
solntioiLs. 




0.1-pm Gate-Length AllnAs/ 
GalnAs/GaAs MODFET MM IC 
Process for Applications m High- 
Speed Wireless CommunkaUons 



The MODFET Design and Fabrication Team 

The authors describe the component 
characteristics that nnist be optimized to 
pioduce the high-petfomiance MODFETfe 
(modulation-doped FETs.) used in HP's 
high-speed comnmnicatit>ns apj ) lie al ions. 




^JgP An Enhancemenf-Mode PHEMT 

for Single^Suppty Power 
Amplifiers j 

Der^Woei Wu, John S. Wei, Chimg-Yi Su, 

Ray M. Parkhurst, Shyh^Liang Fu, Shih-Shun 
Chang, and Richard B. Levitsky 

A 3-vott enhance men I -mode pseudo- 
moiphic high-e I eetron- mobility tnmsislor 
(E-PIIEMT) has been devekjped for tlie 
single-supply output power amplifiers used 
in PCS handsets. 






Direct Etroadcast Satellite 
ApplJcatlons 



Shunichiro Yaiima and 
Antoni C Hiedxwiecki 

The authors provide an overview of 
direct broadcast satellite (DBS) service 
and desciibc HP's effoils to develop a 
GaAs transistor used in the receiver 
portion of a DBS system. 



( ji^ Packaging 
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le^tiiig with a Specially 
-«d Sr jrr^l Generalor 



Matthew W.Bellis 

Tins ariKk* review?* eiirrenf trends 
in tiie pager iiulusir>' aiul the pager 
testing capabiJlly (jf the FTP 8648 A 
signaJ generator 



^1^0 Hf CaLan: A Cable System Tester 
that Is Accurate Even in the 
Presence of Ingress 




DaniefD.VanWrnkle 

Tlie autJiDr describes a cable testing s>t^ 
I em thai can handle bidirectional traffic 
from sotirees sut^h as ijay-per-\iew telw- 
sion or liigh-speed tnienvet access, even 
with RF noise on Hie return path. 



(^^ Glossary 
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http :/A¥ww,hp, com/hpj/j oiim aJ . htni 1 

What's new? 

■ The Previews section contains the 
foh owing articles: 

Linking Enterprise Business Systems to 
the Factory Floor 

Knowledge Harvestings Articulation, and 
Delivery 

A Theoretical Derivation of Relationships 
between Forecast Errors 

Strengtheninf Software Quality 

Assurance 

A 15D-MHZ'Bandwidth Membrane 
Hydrophone for Acoustic Field 
Characterization 

Reliability Enhancement of Surface 
Mount Light-Emitting Diodes for 
Automotive Applications 

Engineering Surfaces tn Ceramic Pin 
Grid Array Packaging to Inhibit tponqf 
Bleeding 

A Low-Complex Jty, Fixed -Rate 
Compression Scheme for Color Images 

and Documents 



E^MaU Registration 

■ l^se E-MaiJ NotifK ation to register 
your e-mail address st) that we can 
notify yon when new articles are 
publishecL 
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Wireless Communications: A Spectrum of 
Opportunities 



WilliamJ.McFarland 



The tremendous growth in the consumer market for wireless communications 
products, such as cellular and cordless telephones, has created a parallel growth 
in research and development for higher-performance components for these 
products. 



I 




WllfiamJ. McFarland 
William Mc^Fiirland is ;i 
pnyeti manager for radio 
foimnuiiiraUoii rirruils ai 
IIP Labomiurirs. Bill r^ceivod a 8SEE tlpgrec 
in 1983 from Stmiford I /nivi^rsUy aiul aii MSEE 
degree in 1935 from ttit^ Umvensity orralifoniia 
aT Berkeley. Ilejoiiied HP LiLlioratories m 1985. 
Bill wa.s bom iiT MUwaiilst^e, Wiscomiiii. He bi 
named and has one daughter and he eiyoys 
running, guitar^ and co<5kmg. 



p n Ihe past five yeans consumer 
and manufacturer interest in wire- 
less communication have eKplocleci. 
Fueled by the tremendous accep- 
tance of cellular telephones, cord- 
less telephones, pagers, satellite 
delivered video, and simple infrared 
conununications, the market for 
wireless communication hardware 
has grown to well over U.S. $10 
billion per year worldwide. These 
market advances were enabled by 
tremendous reductions in c(3st tuui 
power consumption of wireless 
conmiunicatioiis technologies. 

Beyond the success of these estab- 
lished technologies, a wide range 
of new wireless coitununications 
services are being developed. Many 
of these services are substantial 
enhancements to existing systems^ 



such as two-way paging, digital 
cellular service with short messaging 
capability, and sophisticated local 
communication usmg infrared such 
as the IrDA-NG (Infrared Data 
Association-Next Generation) 
standard. Other fast-growing 
systems will provide totally new 
capabilities. For example^ the Global 
Positioning System for determining 
location [based on satellite conmiu- 
nication) may eventually be used in 
all automobiles. Wireless multimedia 
networks and infrared-based control 
networks may someday be in every 
home. 

The desire to comnimucate without 
wires appears natural. However, the 
value proposition for most wireless 
teclmologies is more diverse and 
subtle than i\w simple image of 
untethered infonuation access 
would portray 
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Advantsges 

In each applicatioii, die use of wire- 
less comifiiini cations provides the 
following advantages in var>ing 
degrees: 

■ Eliminates firing 

■ Provides wide area coverage 

■ Allows mobility while using the 
semce. 

It is interesting to examine which of 
thc*se advantages are hmdanientiil to 
popular services. Cellular Telephones 
proviide mobihty and vvide area cover- 
age, but since most homes and work- 
places still get wired telephone ser- 
vice, cellular telephones have not 
reduced tlie amoimt of telephone 
wiring. Cordless telephones provide 
mobility vviiliin the home, but do not 
provide wide area coverage, nor have 
they eliminated much winng (most 
homes have a telepfione jack in numy 
different rooms), f >n the other licmd, 
direct broadcast satelHte (DBS) sys- 
ienis do not provide mobility. What 
DBS i)rovides is a way to compete 
wiili cable companies witliout liavmg 
to string cable to every home, DBS 
is cieseribed in greater detail in the 
article on page 52. 

Depending on the value of these 
wireless advantages, wireless sys- 
tems must stiil compete witli wired 
soliitlonK tin the basis of cost and 
perfomiance. Despite the tremen- 
dous improvements in technology in 
the last few yecus^ wireless commu- 
nications cucuits aie generally more 
expensive ai^d provide lower-band- 
width com mtmi cation than wired 
solutions. 

Wired (or tlbered) soMtiblis wiD dl^ 
ways hmv an advantage in terms of 
bandwidth. Because signals on dif- 
forent wires interact very little, each 
new wire r^an use the same part of 



the electromagnetic spectniin as ail 
others. Unfortunately, with wireless 
communication there is only one 
spectrum that must be shared among 
all users that are within nmge (coi.'er- 
age) of each other. In the case of ser- 
vices with nationwide coverage* such 
as cellular telephones and satellite 
systems, the spectrum allocated for 
diose services typically can only be 
used for that one application. Ttiis 
situation limits the amount of band- 
v\idth such a service could fairly use 
and has created goveiTm>ent regula- 
tion to prevent interference. 

Although the electromagnetic spec- 
tnim is infinite, not all of it is of equal 
value. The propagation properties, 
the cost of the technologies required, 
the regtilatorj^ issues, and available 
bandwidtli all determine the value of 
a given piece of the spectrum, 

Prapagation 

Frequencies between 10 and 30 MHz 
are ahk^ to propagate arotmd the 
world with remarkably low inmsmii 
powers. Above 100 MHz, signals do 
not jiropagate over the hrnizfm. Sig- 
nals from 100 MHz to approximately 
i GHz can still penetrate most htdid- 
ings, trees, and people fairly well, and 
can diffract easily around objects 
titey ciumot penetrate. From 1 GHs^ 
to approximately iOO GHz, signals 
progressively lose their abihty 
to penetrate and diffract. Above 
100 GHz, propagation Is line-of-sight 
and has properties similar to light. 

Tech no logy 

Technolo^ is advancing rapidly, so 
any statement about relative costs 
holds only ft^r a short tune. Presently, 
there Ls an increase in cost some- 
where between 1 and 5 GHz, with 
ftirlher uicreases somewhere be- 
tween 12 and 30 GHz. An excerption 



to the higher-frequency, htgher-crost 

rule is infrared conimunications. The 
LEDs and p hot odetec tors used to 
transmit and receive infrared signals 
( ~ 500 TEz) have become vei>' inex- 
pensive. However, these devices are 
noncoherent and must compete with 
the noise of sunMght. Therefore, in- 
frared conununication presently re- 
quires a great deal more transmitted 
power to reach a giv^en raaige of com- 
munication. One potential advantage 
of higher frequencies (above 10 GHz, 
including infrai'cd) is the small size 
and sinipiic ity of highly directional 
antennas, 

Ragutation 

Regulation is also changing (althotigli 
much less quickly than technolo^). 
Presently, fi'equencies above 300 GHz 
are not regulated. Fieqi^encies below 
300 GHz fall into two regulation cate- 
gories, D censed and unlicensed. To 
coordinate users and avoid iiotential 
interference, government agencies 
throughout the world require users 
to obtain a license ff)r tlu^ use of 
most frequencies. While a lic^eiised 
service has the advantage of protec- 
tion from interterence, the cost and 
admijiistrative difftctdties of obtain- 
ing a licimse f<jr each transmitter are 
often prohibitive. Government agen- 
cies have set up some unlicensed fre- 
quencies. Transmitters in these bands 
do not need individual hcenses. 
Instead, they must abide by certain 
rules, which aje verified tlirougli type 
certification,* Table I lists some of 
the most important unlicensed bands 
and their properties. Table I also 
shows a general jiroperty that holds 
true for licensed *ind unlirenseti fre- 
quencies — the higher the frequencyi 

' Type cert Jtitattort is a pfocess by wtiich tfie Unfted Slates 
Federal Communicancn Commission (FCC) approves s 
producT for sale but does not test each unit sold. 
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Table 1 










Selecled Unl 


censed F^ 'eg u ei icy 


Bands 






Frequency 


Bandwidth 




Geographic AvailabElitv 


Power Level 


900 MHz 


26 MHz 




North .\inenca 


Ipio IW 


2.4 GHz 


84 MHz 




United States 


Up to IW 


2.4 GHz 


84 MHz 




Europe 


Up to 100 mW 


2.4 GHz 


26 Mliz 




Japan 


Up to 10 mW 


5,2 GHz 


200 MHz 




Availal>lp in ILS. and 
Europe for IIIPERl^N only 


50 or 250 mW 


5.8 GHz 


125 MHz 




Noith America 


Up tc^ IW 


24 GHz 


259 MHz 




North America 


Up to 25 mW 


60 GHz 


5 GHz 




North Amenca now and 
hopefully Europe and Japan soon 


500 mW 


> 300 GHz 


Tlieoretically infimte 


Worldwide 


limitLHl by eye 




but for practical 


use 




.safety mles 




< 50 MHz 









the more bandwidth available for the 
service. 

HP's Involvement 

The combination of desired propaga- 
tion, teclmology cost, aiid rt^gulatory 
issues decides for aiiy given ajipUca- 
lion what frequencieH to use. For 
each frequency range and applica- 
tion, a whole set of technologies *ire 
requii'ed. These go from the basic de- 
\ice technology, through packaging 
and system integration, to protocols 
and nenvorMng standards, and finally 
applications. HP is involved at aU 
levels of this liierarchy over a wide 
range of frequencies, as tlie other 
wireless t^omraimi cations articles in 
this issue demonstrate. 

The article on page 10 describes the 
applications and most widely ac- 
cepted standards for infrared com- 
munications. The stajidaj'ds provide 
interopera]>ility betw^een de\aces for 
mobile professionals and consmiters. 



The IrDA standards provide short- 
range, w^alk-up, point.-aiid-shoot-tyt>e 
conimimications. Infrared provides a 
ver}^' low-cost miplementation and 
worldwide? freedom from regulation. 

RF technology trade-offs for wireless 
conunurdcations is the subject of the 
aiticle on page 27. Tlie article concen- 
trates on tiie frequency range from 
900 MHz to 5 GHz. Tliis frequency 
range has die most activity presently 
for ioc^al and w ide area data net- 
w(5rks. Hie ailicle describes different 
cost and perfomiajice trade-offs, and 
the effects of the continually increas- 
ing performance and scaJe of hitegra- 
tion ill silicon tecluiologies. 

As the carrier frequency becomes 
liigher, silicon alone cannot provide 
sitfficient performance. One solution 
to tliis pi obi em is a miOtiteclmoIogy^ 
chipset for 12-GHz direct broadcast 
satellite ( DBS) receivers, wliich is 
described in tlie article on page 52. 
The delivei^^ of video \ia a dii^ect 



broadcast satellite has had the fastest 
initial growtii rate of any ccmsmner 
electronics product in histoiy^ HP 
has ]3layed a significant role in this 
success by providing veiy high- 
performance circuits at consiuner 
prices. 

An extremely advanced technology 
is described in the article on page 37, 
which describes a 0.1"(im MODFET 
(modulation doped FET) for use in 
liigh-sp e ed w irel ess c o m m u ni c a- 
tions. Tliis technology' provides 
transistors with such tremendous 
perfoniiance that apph cations such 
as 60-GHz wireless l^Ns and 70-GHz 
collLsicni avoidance radar become 
feasible. In addition, the technology 
can he used at 12 GHz- in wiiic h case 
the devices provide lower noise and 
higher power efficiency for DBS 
systems. This article inclurles a 
discussion <]f packaging issues as 
well, no simple matter for such iiigh 
frequencies. 
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The article on page SB takes a similar 
tack of using a \*eri^' advanced 

technologj' ( enliancemeni-mode 
PHEMT' ) to provide remarkable 
performance in a conixiioniy used 
frequency range. In this case, the 
frequency is the S5f)-Mllz cellular 
telephone band, and the perfor- 
mance benefit is output power (two 
watt^ of RF power from a single IC 
opei-ating from a 3V power supply) 
and excellent efficiency (50%). 



Conclusion 



The incredible growth of wireless 
conmimncadons is bound to con- 
tinue as consumers demand the con- 
venience of untethered mobile ac- 
cess> The articles mentioned above 
are only a satt^pling of the work in 
wireless communications going on 
at HP. HP is invoK'ed in nearly every 
wireless communicatioiis market 
supplying everything from discrete 



de\ices. integrated circuits, and 
packaging to complete communica- 
tion modules, networking, and appli- 
cation sofrware. This breadth and 
deptb of involvement positioiis HP 
to take fuO advantage of this rapidly 
growing market. 



' PHBAJ ~ pseudomorphic high-electron-mobiljty 
transistor. 
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The IrDA Standards for High-Speed Infrared 
Communications 



lain Midar 



Martin Beale 



Bryan J. Donoghue 



Kirk W. Lindslrom 



Stuart Wil I iams 



As more data communications products, such as printers and laptop PCs, are 
released with infrared capability, support for a core set of IrDA standards has 
strong support from many manufacturers because, among other things, they 
want to ensure that their products will interoperate in a transparent and 
user-friendly manner. 



T 



Jie use of infrared techniques for data commimications has been around 
for several years^ and by 1993 several crommercial products were available 
with this capability. However, each company has tended to have its own 
infrared standard, and although devices from the samt^ manufacturer could 
communicate with each other^ competing systems tended not to be inter- 
operable. Examples of such proprietary infrared systems include Hewlett- 
Packard's HP SIR (serial infrared), Sharp^s ASK systems^ and General Magic's 
MagicBeani. The^ resulting confusicm in the marketplace meant that users 
\iewed infrai'ed as having oidy limited utility. 

On June 28, 1993, the Infrared Data Association (IrDA) had its frrst meeting 
with the purpose of establishing a ubiquitous, k)w-costj point-to-point serial 
infrared standard. Some 50 representatives from 20 interested companies were 
expected, but over 120 people representing more than 50 companies actually 
attended. It was clear that the industr^^ was interested in developing a standai'd 
tliat would allow the true value and utihty of infrared to be realized. At tlie 
culmination of this process — and due in no small part to tlie enthusiasm and 
spirit of cooperation of the participating companies — ^the first IrDA standards 
were published, just one year and two days after the initial meeting. 

To date J frDA has specified the pliysical and protocol layers necessary for 
any two devices that confonn to the IrDA standards to detect each other and 
exchange data. The initial IrDA i.O specification detailed a serial, half-duplex, 
asynchronous system witli transfer rates of 2400 bits/s to 1 15,200 bits/s at a 
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Viewing Bn§lB specified in kOA specifmamn IM. 




^15^10 30' 



^^^ r - 




range of up to one meter with a viewing half-angle of 
between 15 and 30 degrees (see Figure 1). More recently, 
IrDA has extended the physical layer specificarion to allow 
data communications at transfer rates up to 4 Mbits/s. 

This paper presents details of the individual IrDA specific 
cations, focusing specifically on the liigli-spoed extensions 
that dlow data comniuiiicatioits at up to 4 Mbits/s. The 
firs! section 0ves details of the objectives that resulted in 
the series of li'DA specifications. Tlie specifics of the user 
model and tlie teclinical requirements of the specification 
are also presented. Next the IrDA aj^chitecnire is bmo- 
tkiced, Mglihgiiting how tl\e IrDA specifications together 
l)rovide overall f miction idity. The hifraied physicai-layer 
specification with particular emphasis on modulation 
Innnat, [jacket framing, transceiver design, and clack 
rect)veiy is discussed in Uie next section. The traxusceiver 
design for the HP HDSL-l lOO IrDA transceiver is also de- 
scribed in tlus section. The last section covers the proto- 
col layers of the IrDA sptxiiications. Finally, Irl JA's current 
slat us is summarized. 

IrDA Objectives 

VVlien IrDA was established, it set for itself the following 
objective: 

'"To create an interoperable, low-cost infrared data mter- 
connection standard that supports a walk-up, point-to- 
point user model* that is adaptable to a broad range of 
mtiljile appliances liiat need tu connect to peripheral 
devices and hosts. "^ 

IrDA chose tlie short-range, walk-up, point-aiid-shoot 

directed infrared communi cations model for tw^o main 
re^Lsnns. Mrst, it was i)erceived tbat the initial targe! 
mai ket i{>r IrDA-enabled devices would be the mobile 

' The phrase "walk-up, poinMo-point user mader mJers ro the fact that tD ensure data 
transfer between devices wiih infrared capabi lilies, they must be pfaced close together 
{ < 2 ml with their mtrared transceivers poiE^ted at one another. 



Glossary 

Cell A symbol In PPM 

Chip. A pylse within 3 symbol (celll in PPM 

fAfPfC.The encoder-decoder w^^ in the IrDA physical 
layer. 

HTTP. Hypertext Transfer Protocol. 

WO£C, A bit'Oriented, synchronous High-level Data Link 
Control protocol that applies to the message-passing (data 
link) layer of the Open Systems Interconnect (OSl) model 
for computer-to-computer communications, 

fAS. The information access service maintains information 
about the services evai labia on the host device and pro- 
vides services that allow access to information on remote 

devices. 

irCOMM. IrDA specification for the emulation of serial 
and parallel port communications. 

kLAN. IrDA specification for accessing a LAN over an 
infrared medium. 

kLAF. IrDA specification for Link Access ProtocoL Ttiis 
document specifies an HDLC-based protocol for controlling 
access to the mfrared medium. 

klMP. IrDA specification for Link Management ProtocoL 
This protocol provides the LM-MUX and LM-IAS services. 

kOBEX. IrDA specification that defines the protocol for 
generic object exchange in an IrDA-enabled device. 

kPMY. The specification that describes the physical layer 
properties of the IrDA standard. 

LM-IAS. The Link Management Information Access 
Sen/ice allows a pair of IrDA devices to interrogate each 
other to determine the services available on each device. 

LM-MUX, The Link Management Multiplexer allows any 
pair of IrDA devices to simultaneously and independently 
use a single IrDA connection between themselves. 

LSAP, Link Service Access Ports are address fields that 
uniquely identify applications on the source and destina- 
tion devices. 

LSAP-SEL Link Sen/ice Access Port Selector. 

PPM. Pulse position modulation. 

SIR. Serial infrared. 

Titty TP. Lightweight transport protocol specification. 
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professional who is also a {'ompiile?- user. The emircm- 
iiieiit for Llit^ use of such devices would l^c* in a t>i3icai 
WOT' king environment in wiiich the ma^jorily of stationary 
devices, such as printers or computers, would be located 
u itliin rhe user's own reach space, on the desl<top or in the 
iimiiediate vicinity. Typical use of such cievices would con- 
sist of short, conscious interactions such as file transfer 
or printing. Such use scenarios do not rectuirt^ the de\ices 
to he continually c^oiinected to each tjtiicr, ajid a directed 
model of conuminications v^hs iid<:)i>ted in which the oser 
consciously points the infrared device at the target. 

Previously, mobile pmfessionals might connect their lap- 
tops to various peripJier^iLs using parallel or senal r-ables. 
Connecting such devices using IAN connecUorLs might 
also be possible if cost were not an issue. However, a 
problem arises when the user becomes mobile— for 
example, when visiting customers in their office. Setting 
up a laptop at tjie customer office to achieve e\"en simple 
tasks, such as printing or iiie irajxsfer, would more tlian 
likely require significant reconfiguration. IrDA aimed to 
change this by {:>ro\lding standards for ubiquitous access 
to such devices. 

Second, IrDA chose this communications model to mini- 
mize cost. The use of a single LED and photo diode m the 
trai^ceiv^er enables an extreoiely low-cost implementation. 
Tlie model simplifies die protocol software by restricting 
the number of \isible de\^ces, hence limiting the conten- 
tion and interference between IrDA de\ices. The limited 
range also allows re its e of the infrared medium, allowing 
multiple pairs of devices to conunLLnicaie at the same time. 

IrDA aimed to allow^ its standards to support a witle class 
of computing devices and peripherals that nught be used 
by mobile professionals. These devices would range 
from veiy sopliisticated, high-power notebook or laptop 
persona! computers, throngii palmtop romj>uters and per- 
sonal digital assistaits. to simple single-function devices 
like electronic business cai'ds tjr phone dialers. Taiget 
periphend devices would include convendonal computer- 
oriented devices like printers and modems, as well as 
automaric teller machines and public and mobile tele- 
phones. It w^as also envisaged that IrDA would enable 
new classes of de^tlces such as mfoimation access points. 

To target such a broad range of devices, a set of general 
requirements was placed on any prospective standard, 
Tliese requirements mcluded: 



■ Lf>w cost 

■ hidustry standard 

■ Compact J lightweight, low-power 

■ Intuitive and easy to use 

■ Noninterf ering. 

Using these requirements, the IrDA committee developed 
a series of stiuubuds aimed at provitling ubiqiutous, low- 
cost, directed infr^ued connmnucations for all classes of 
mobile computing devices. In lrDA*s vision of the w-orld, 
the user of such devices would be abie to roiuu across 
international boundaries using IrDA commimications to 
access information^ computing, ajul communications 
services in a uniform and ti anspitrent manner. The days 
of the mobile computer tiser i ravelling the globe with a 
multitude of modem, serial, and parallel cables, including 
adapters, will be gone. 

The remainder of this paper presents details of the 
standard IrDA has put in place to achieve this vision. 

The IrDA Architecture 

After the initial marketing requirements had been speci- 
fied, the technical committee witlnn IrDA mo%^c^d ([uickly 
towards the development of the initial standaids. hi April 
1^94, the first IrDA standard was published covering the 
physical layer properties. This document, the Infrared 
Physical Layer (hPHY) specification,- describes an in- 
f rated transmission system based on a TART modulation 
strategy. The docimient specifies the necessary parameters 
to provide iui asynchronous half-duplex serial cominiouca- 
tions link over distances of at least one meter at data 
rates between 2400 blts/s and 1 15.2 kbits/s. The cone half- 
angle of tlie infrared transmission is specified as being at 
least 15 degrees, but no more than 30 degrees. The IrPHY 
specification was quickly followed witli the publication of 
the Infirared liiik Access Protocol (IrLAP) in June 1994,^^ 
IrLAP specifies an HDLC-based protocol for controlling 
access to the infrared medium and providing the basic 
link-le%'el connection between a pair of devices. 

Dining the development of IrPHY and IrLAP, it was real- 
ized that some additional functionality was required in 
addition to the ability to pro\1de a single connection 
betw^een a paii' of devices. The Infraied Link Management 
(IrLMP) layer was conceived.^ This layer has tw^o primary 
fimctions. 
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First, it provides the mecbanism by which multiple enti- 
ties v^ithin any pair of IrDA devices can siniultaneoasly 
and iiidependentJy use the single IrL4P connection 
between those devices. This fimction is caOed the link 
managemeitt multiplexer (LiM^-MliX), 

Seconci, it provides a way for entities using the IrDA 
senices to discover what semces are offered by a peer 
device and to register available services wititin the local 
device. This link management information access service 
(LM-TAS) considerably benefits the ease of use of portable 
devices, allovving pmxs of devices to interrogate each odier 
to discover information abont the applicatiotis vFithin each 
device- 

These three standards — IrPHY, IrL^, m\d IrlMP — form 
the core of the IrDA architecture, and all are rcqiui^ed for 
a device to be IrDA-compliant. Since the t^ore docLunents 
were published, several extensions have been added. The 
current complete IrDA architecture is shown in Figure 2. 

In Octotier 1995, optional extensions to the physical layer, 
adding data transmission 5i:>eeds of up to 4 Mbits/s, were 
accepted by the IrDA committee. These changes resulted 
in the IrDA IrPHY 1.1 specification/^ ITie IrLAP and IrLMP 
documents have also recently been updated to version I A 
If) incoqxiratc various improvements iliat resulted from 



Figure 2 

The irOA architecture. 
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practical experience in implementing and using the IrDA 
protocols/^* 

In addition to the base standards, IrDA has specMed a pro- 
tocol called Tiny TH'^ This protocol is an extremeiy light- 
weiglit transport protocol desired to provide s^pUcatiorh 

lev^el flow control as vv^ell as segmentadon and reassembly 
of application data luiits. This protocol has proved to be 
useftii and is now implemented by most applications that 
support the IrDA architecture. 

To complement the functionality of the main components 
of the IrDA arcMtecture, several applit:ation-level protocols 
have been and are in the process of bemg developed. 
These protocols are aimed at providing conv^enienl 
and uniform interfaces to the functionality of the IrDA 
protocols for both old anct new applications. 

The original target for h'DA was cabie replacement. The 
need for a protocol to support tlie redirection of serial 
and parallel cable traffic resulted in the IrCOMM seriid 
and parallel port emulation protocol specification.^ This 
protocol enabled the redirection of conventional serial 
and parallel ports over the infrared medium, allowing 
many existing applications to operate tmchanged over an 
IrDA link. Mother aiea seen as a suitable apphcation of 
IrDA, [jtarticLilaiiy as a result of the high-speed extensions, 
is wireless access to local area networks. The protocol 
IrlAN wtLs developed to allow an IrDA-enabled device to 
access a l^AN over the infrared mediumJ^^ The protocol, 
in combination with aji IrL AN -compatible LAN access 
device, provides the IrDA device wiUi the equivalent func- 
tionality of a LAN card and the advantages of wireless 
connecti\it5\ 

Bot-h IrCOMM and IrLAN address legacy-style applications. 
However, it is envisioned that many new applications will 
be enabled by the IrDA stimdarcLs. Using h'DA on iow-tmd 
devices giv'es rise to the need for a flt^xible, lightweight 
inforniaUun exchtUige protocol suitable for devices with 
\'aryiiig resource capabilities. A protocol for generic 
object exchange, IrOBEX, is cutTently mider dev'elo]>ment 
within IrDA.^^ This protocol is based on HTTP (Hyr)ertext 
Transfer Protocol) but is more compacrt. VVIien completed, 
IrOBEX will provide a device independent method for 
exchjuiging arbitrary tmits of data between IrDA-enabled 
devices. 
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The IrDA Physical Layer 

Tlie IrDA physical layer is split mto ttuep distinct data rate 
ranges: 2400 to 115,200 bils/K, 1.152 Mbit^/s, and 4 .\fbits/s. 
Mtial protocol negotiation takes place at 9600 bits/s, mak- 
ing tliis data ratt^ compulsory. Ail other rates aie optional 
and can be adticci if a device regimes a liighcr data rate, 
Tlie links are designed to be used in a line-o {-sight, point- 
and-shoot manner ajid hence have a modest minimimi 
coverage of one meter, with a ±15'" viewing angle. 
Tills nuidest coverage is advantageous^ since it allows 
a low-cost, high-data-rate link to be produced in a small 
package* 

2400-tO-115.200-bit/s Link 

Tiiis is based on the HP-SIR Uiik developed for HP calcu- 
lators.^- All IrDA-compUaitt devices implement this t>^)e 
of link since initial protocol negotiation takes place at 
9600 bits/s. The architecture of the hnk (Figure 3 J is 
designed for easy implementation and low cost. Hardware 
costs can be kept to a minimum by implementing the pro- 
tocol, packet framing, mid CRC calcLdation in sc^ftware on 
the host processor. Bytes of data from the processor are 
converted to a serial data stream by a UART fimi versa! 
asyncltrunous receiver-transmitter J. Since many systems 
already include a UAET for R 8-232 communications, 
this places no extra cost bmden on the system. Only the 
EN DEC- (encoder-decoder) and transceiver represent an 
additional haidware cost for the system. 

Infrared receivers contain a high-pass filter to remove 
backgroimd daylight. This iiigh-pass fdter forces the use 
of encoding on the link to ensure that long strings of zeros 
or ones are not lost in transmission. The encoding used 
on this link is retiim-to-zero (RZ). Zeros are represented 
by a pulse of 3/16-bit durationj and ones by the absence of 



Figure 4 

The coding on a 240Q-to-115,200-tir/s fink 

Data Bit D f 

iB S'\%m\ 



n 



a pulse (Figure 4), For example, 3/16 of a pulse widtii at 
115,200 bits/s is L6 ps. ITie code is poweiH^fficient since 
infrared light is only transmitted for zeros. The tall narrow 
pulse has better signai-to-noise ratio performance tlian a 
short wide pulse of tlie same energy. 

Tha 1,152-IV1bit/s Link 

At speeds above 1 15,200 bits/s. packet framing cO\d CRC 
generation and checking become a signilicant boidon to 
the host processor. At 1. 152 ]Ml3its/s, these tasks are per- 
formed in hardware by a packet franic^r (sec^ Figure 5). 
The packet fomiat is sMghtiy differ en l, from that used in 
the 2,400-to-l 15,200-bit/s link, but the line code remains 
similar/^ Higher-level protocols are less processor inten- 
sive than packet framing or CRC generation and ai'e still 
implemented in soi\ ware on the host processor. 

The 4-IVTbit/s Link 

The 4-Mbitys link architecture is showm in Figure 6. As in 
the 1.152-Mbitys Hnk, packet framing and CRC generation 
and checkLng are performed in hai dware to relieve the 
burden on the host processor, while Itigher-level jirotocols 
are implemented in softv^^are on the host proc:essor The 
Unk uses a new encoding scheme (described below) and 
a new, more robust packet structure. A phase-locked loop 
replaces edge detection as the means of recovering the 
sampling clock from tlie received signal. The packet 
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The 2400-to-JJ5,200-bit/s fink architBctare, 
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Figure 6 

4-Mbit/$ fink architecture. 
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fraitier, ENDEC, £ind phas(»-locked loop are more complpx 
aimi \he IJART and ENDEC in the 240(Mo-l 15,^00 bit/s 
Link. However^ this added complexity need not be expen- 
sive. The roniponent5 aie specified in a hardware descrip- 
tion language and can be added quickly iiiid inexpensiveiy 
lo one of the host system s ASICs, PC chipsets including 
the 4-Mbit/s hardware are ah^eady a\'ailable from leading 
semiconductor manufacturers. 

Coding and Packet Format. F^ulse position modulation 
(PPiM) was chosen as the hue code for [he 4-Mbit/s link. 
Data is transmitted within a PPM signal by varying tlie 
position of a pulse (referred to here as a chip) wiihin a 
symbol ( referred to here as a cell). The PPM modulaiitjii 
for the 4-Mbtiys link allows one c^hip to be set in one of 
four possible positinns; thus it is known as 4PPM. Since a 
chiij can be set in one of four possible positions, frnir dif- 
I'erent messages cm\ be sent within one cell^ allowing two 
bits of data to be encoded per celL Figure 7 shows the 
four possible messages tliat can be ti'ansmitted by 4 PPM. 

Pulse position modulation has many properties that make 
h attractive for use on the free-space o|)tical channel. 
One of the maui propel ties is tlie sparseness of the code. 
Sparse code allows high peak powers to be employed for 
set chips while [uainlaining a reasonable average power 
The eye-sal'ety nik^s stiiHilate a maximum average opticid 
power, and LEDs tend to be average-power-limited at 
moderate duty cycles. 

Pulse position modulation also contains significant and 
reguhir timing content, which facilitates svi ichronoiis clock 
recovery itstng a ph<ise-locked loop. It is a mtJihiiaticju 



Figure 7 

4PFM message encoding. 
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format tiiat has very little dc content and can be high-pass 
filtered at 100 kHz, avoiding mterference generated by 
fluorescent lighting without adversely affecting the re- 
ceiver's eye diagiam. A paiticulai'ly interesting feature of 
PPM — one thai had iniportaiit raiiiillcations in the choice 
of end delimiters^is its ability to deti^ct line code errors. 

Higher orders of PPM give lower duty cycles and theoreti- 
cally greater sign;iMt:i-noise ratio gains on the infrared 
niedjmii. Figure 8 ilhistrates the inten\sting relationstup 
bet^A^een signal-tf>-noLse ratio gmn acliievable with various 



Figure 8 

The signat'to-noiSB rath gain and pulse width trade-off. 
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ortteiB of PPM iinr! thf required pulse uidth. It is int^rest- 
ing to note that the optimiun order of PPM from a band- 
width efficiency perspectivt^ would bi^ :3PPMp This result 
might be of theoretical interest, but is fairly useless in a 
prac:tical sysieiiL Sinct^ the fastest bright LEDs have a rise 
time of around 40 ns, and the rise time of ai\ LED is pro- 
portional to the pulse v^idth, the use of high-order PPMs 
at 4 Mbits/s becomes impractical- The decision to adopt 
the order four foi" the PPM was motivated by knowledge 
of lilt? range of duty cycles over which LEDs are peak- 
power-limited, the rise and fall time of available LEDs, 
and the frequent timing content provided al: order four. 

Packet Format. Tlie l-Mtiit/s physical layer packet has 
distinci featmes that pcrfonn a usefid and wt?ll-dcfmed 
role (see Figure 9). A preamble allows dc balMnce to be 
attained, and more important, permits the phase-locked 
loop to achieve chip-level synclLrf>nization. The length of 
the premiible was considered c;arefully such that the pre- 
ceding two goals could be achieved without a signLficatit 
impac't on efficiency Tire start, and stop delimiters provide 
cell and frame synchronization and were chosen so as not 
to compromise overall packet robustness or ativensely af- 
fect the receiver eye diagram. To cUstinguish the preamble 
and the end delimiters from the frame body these fields 
contain code \iolations. The body of tiie packet is 4PPM- 
coded iind has a '52-bit cyclic redundancy check (CRC) 
Tiekl appended to it. The choice of a 32-bit CRC provides 
a guai'tmteed level of ro business to undetected data errors 
over the range of error rates exfjccted on a free-space 
infrared chmineL The CRC is performed on the data bits 
rather than on the PPM-encoded chips. 

Error Detection and Delimiters. A decoder may choose to 
exploit the enor deiection capabihties of 4PFM. The only 
portions of the packet aUowed to contain violations are 
the preamble and the frame delimiters. If a decoder finds 
code violations within the frame body or CRC portion of 
the packet, it can flag that packc^t as being corrupted. In 
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the same way that a sufficient number of carefully posi- 
tioned errors can produce a correct-looking CRC for a 
<*oTTupted packet, there are some erroi' patterns that a 
4PPM decoder caimot detect. An example is shown in 
Figure 10. 

The role of the CRC is to detect those erior patterns that 
the PPM cell decoder cannot detect. Owing to the com- 
bined distance strLtctioe of the CHC and the pulse posi- 
tion modidation, tire packet can be made yery robust to 
withstaiid eitlier randcmi or bui^. errors at any signal-to- 
noise ratio, 

A more wonisome enor mechanism that had to be con- 
.sidered was the possibility of the corniption of the frame 
dehmiters. The frame delimiters are not in themselves 
protected by the CRC. If tlie situation ^n-ose whereby a 
false Stop delimiter appealed in a valid position within the 
data and CRC portion of the pac:ket, the packet woidd be 
protected solely by tire scrambling effect of the CRC. In 
tJus case, a corrupted packet would be flagged as correct 
witii a probabihty of (0.5j^^-. l^hus, it is important to ensLore 
the imlikelihood of either random or burst errors causing 
a false deluniler to appear within the data poilion of the 
packet. This is achieved by choosing delimiters with a 
large Hamming distance from tlie data (or shifted ver- 
sions of the data, to easui'e serial uruqixeness) and with 
a sufficient number of chips such that "bursty" chtumel 
eo'or models can be tolerated. A further constnunt on 
the delimiter choice is Oiat deiuniters must not adversely 
affect the eye diagi'am of the complete packet. The lack 
of long strings of contiguous set or reset ciiips within Ifie 
4-Mbit/s delimiteis ailows ilus goal to be attained. The 
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delimiters chosen ensum packet mbustnessitl^slSPl' 
tonoise ratio, for any length of packet overiandom and 

burst-error niodels — all ^^ithout affecung tlie receiver eye 
diagram. 

Clock Recovery. The UART-style clock recovery of the 

2400-t(>-115,200-bit/s link imes a smgle signal edge to set 
the phase of the reco\'ered sampling clock. Tliis inevitably 
gives rise to phase jitter on the recovered clock and a con- 
sequent signal-to-noise ratio penalty. TIte phase-locked 
loop used by the 4-Mbit/s link generates a saniplmg clock 
Willi much less jitter because it uses riming iidbnnaUon 
from many signal edges to set the phase of the clock. An 
anxilog phase-locked loop could have been used for clock 
recovery and might have achieved a low phase jitter but it 
woulti have been unable to acliieve the rapid phase lock 
of a digital phase-locked loop. Rapid phase lock is impor- 
tant in a packetized data system, beciuise iL determines 
tlie length of tlie training sequence, or preanible, required 
at the start of every packet to allow the phase-locked loop 
to lock. 

The lock time is dictated by the accuracy with wliich the 
nominal frequency of the phase-locked loop's variable 
oscillator can be set. The nominal freciueiicy of tiie vari- 
able oscillator in an analog phase-locked loop is Mghly 
variable, since it is delennined by the (usually poor) toler- 
ance of the resistors and capacitors. By contrast, the 
nominal frequency of the virmable oscillator in a digital 
phase-locked loop can be locked to a crystal reference 
with a tolerance of less than 100 ]3i>ni. lni|ilcmcntations of 
digital phase-locked loops have tlie additional advantage 
that they can be quickly arid easily ported between ASIC 
designs. The arcdiitecture of a ty|}ical digital phase-locked 
loop for the 4-Mbit^s link is shown in Figure 1 1. 

The phase detector is a state machine that compares the 
edges in the recerv^eti signal (rx_signalj with those of the 
recovered clock Crx_clock). Rising edges only occur in 
rx_signal al PPM chip bouiukuics. Rising edges of rx_clock 
should oc:cLU* halfway between chip cell l)oundaiies. If 
rx_signal is eaiiier than expected, then the phase detector 
produces a Down signal, thereby advancing the phase of 
rx_clock. If rx_signal is later than expected, then the phase 
detector produces an Up sigtial. 

The three most significant bits of the 8-bit counter set the 
phase of rx^dock. The five least significant bits ensure that 
the comiter acts as a low-pass filter, since many Up and 



Down signals are required to change tbe phase of rx_clock. 
The three-bit free-rumung comiter and the comparator 
together act as a variable phase oscillator. All blocks 
within the phase-locked loop are clocked by the same 
^siem clock The system clock can be either 40, 48, 56 or 
64 MHz, the choice being set by the rollover point of the 
three most-significant bits of the 8- and 3-bit cotmteiB 
(100, 101, 1 10. or 1 1 1). A 40-MH2 system clock means that 
rx_cl0Gk should be very granular, witii only five possible 
piiase steps w^itliin a chip period. The effective nimiber of 
phase steps Is, however, doubled by making use of both 
the positi\'e ajid negative €Higes of tl^e system clock in the 
phase detector aJid sampler. Tlie choice of wheUier to use 
positive or negiitive edges can be made by examining the 
fourth most-significant bit of the 8-bit counter 

The fast lock of the digital phase-locked loop is further 
aided by using a dual control loop within the digital 
phase-locked looj}. A lock state machine within the 
phase detector decides whether the digital phase-locked 
loop is m or out of lock by examining the average deiri- 
ation of the rx_clock edges from the rx^signal edges. If the 
digital phiise-locked loop is out of lock, tlien multiple Up 
or Oown pulses are generated for each edge in rx_signal to 
ensure rapid lock. Once locked, only single Up or Down 
pulses are generated since multiple pulses would mcrcase 
phase jitter on rx_clock. 



Figiirp 1 1 

4-Mbit/s digital phase-locked loop. 
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The Hew reft- Packard H5DL-1100 KrDA Transceiver 

The HP HDSL-ilOO from HP^s Conmiunication Senucon- 
ductor SalutioiLs DivLsioii Ls the world's fii'St fully IrDA- 
compliant transceiver capable of opt^rating at all IrDA 
data rates froin 2400 bit^/s to 4 Mbits/.s. The HSDL-1 100 
fits within the sanie small package as its predecessor, the 
HSDLriOOO, wMch operated at data rates from 2400 bits/s 
to 1 15,200 bits/s. Tlie small package size avaOable for pins, 
ICj passive components, and heat dissipation imposed 
design coi\straints on tire complexity tjf the tximsceiver. 
The IC uses a low-density bipolar in-hoyse process, which 
i.s low in rost and allows quick tium times on wafers for IC 
development. 

Transmitter design was straightfoi-waicl However, tlie mul- 
tiple data rates, line codes, and lai'ge dynamic range made 
receiver design much more challenging. The receiver's 
dual-chaimel architectine is shown in Figure 12. A shared 
p-i-n diode detects aU iidraitMi signals %vith a motiulation 
frequency between 40 kik and 6 Mliz. An amplifier b<JOsts 
diis signal before it is spht into sejjtiratt! iieceiver (channels. 
IrDA signals at 2400 lo 115,200 bits/s pass through the 



serial infirared (STE) channel*, while 1.1524o4-Mbit/s sig- 
nals pass through the fast mlrait^d (FIR) cJianneL The 
lower bandwidth of the SIR channel (40 to 300 kHz) 
means lower noise and allows the SIR channel to meet 
the IrDA 4 pW/cm- sen.sit.i\ity requirement. The liigher- 
bandwidth (40 kHz to 6 MHz) FIR chaimel hfis higlier 
noise, but stiD meets the 10 pW/cm-^ sensitivity require- 
ment for 1.152-t.o-4-Mbit/s IrDA links. Since the different 
data rate frDA links overlap in their modulation spectra, 
the rec^eived signal will appear on both channels. The 
ENDEC relies on information provided by the protocol 
to ensure that it listens on the correct channel. 

The receiver converts signals from an miakig to a digital 
form by compaiing them with a threshold voltage. The 
two chamiels have different threshold detection circuits 
to meet tlie different requirements for tlie signals. Tlte 
SIR chtmnel has a Hxed tlueshold set at the level of the 
weakt.^st received sigiiids. i\llhuugh the llxed tlueshold 

■ At low rales, such as 240Q or 9600 baud, only the leading edge of the signal passes 
through the 40-kHz to B-MHz bandpass filter. The signal is still correctly decoded since 
the ENDEC is able lo tolerate received SIR pulses as shon as i to 4 ^s, 



Figure 12 

The HDSL- ? 100 reaemr architecture. 
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tends to extend th^ duration of high-level pulses, the line 
code for the 240^0- 11 5:200'bit/s ENDEC is tolerant of 
pulses that extend to fi^^e times their nominal width. The 
4-Mbit's ENDEC is far less tolerant of pulse extension, so 
a dynamic threshold is required on the FER channel. The 
dynamic threshold tracks the Sifii level between the peak 
extensions of the 4PPM sigiial. A peak detector tracics 
the 100% level of the signal and an average circuit tracks 
the 25% level. The 50^N^ tlneshold level ii> derived from a 
2R-R voltage divider connected to these levels. Between 
packets, the dynamic threshold drops to zero. This would 
allow the FIR_Data output to ^'chatter'* on noise or on feed- 
back between the output pin and the p-i-n diode. The 
l.ir>2-Mbits/s ENDEC is intolerant of the extra pulses pro- 
duced by such chatter, so a squelch circuit was added to 
s^vitch off the FIR^Data output at low signal levels. The 
d>iiamic tlu^eshold ^ilso takes time to settle at the start 
of a packet, wliicli caiLses some of the packet s initial 
infrared pulses to be lost or distorted. While this would be 
disastrous for the 2400-to-ll5.20n-hit/s liiik, the 1.15^- and 
■1-MbiL/s pac^kets include a lire amble to allow the receiv^er 
to settle before decoding data. 

Another challenge for receiver design was the dyi\amic 
range of infrared signals. Lt^DA specLfications allow 
received sigiud strength to vaiy f>ct wc(^n 4 ^iW/cm-^ ^uid 
500 niW/cni^. This is a tlynamic rmigc of 51 flB. Since the 
j>-i-H diode is a square law detector, this dynamic range 
(lovibles to 102 dB within the receiver. The receiver 
jiciiieves this dynamic range by aUowuig the signal to be 
t li]j|ied wliile mamtauiing tlie timhig of the signal. The . 
impedance of the j>i-ii tiiode biasing circuit decreases with 
signal level. nMtucing the signal voltage mid I lie leceiver 
{miplifiers limit withoui satuniting. The p-i-n diode has 
also been carefiilly designed to ensure that the ind\icetl 
signal decays rapidly once an infrared pulse disappeai^. 

The IrDA Protocol Layers 

The Infrared Link Access Protocol 

IrLAP is the IrDA protocol that provides the basic link 
layer connection between a pair of IrDA devices. It is 
based on the HDLC protocol providing functions like 
connection establishment, data transfer, and flow 
control. ^-^^^ * However, It LAP has signlllcaiit additional 
features as a result of the specific properties of ifit» 
infrared medium. 



The infrared medium over which IrLAP is required to 
operate is a point-to-point. haJf-duplex medium. W'hile the 
narrow cone angle of IrPHl' limits the number of otiier 
devices that can be seen, it does increase the probability 
of hidden de\ices. In such a situation, one de\ice may 
see many other devices. However, it does not foUow that 
tltose devices will see each otlier. Ttiis can result in colli- 
sions where transmissions from devices hidden from each 
other may overlap, resulting in the inability of the receiving 
device to decode those frames correctly. The characterb- 
tics of the infrared medium also result in there being no 
reliable way to detect transmission collisions. Conven- 
tional carrier sensing with collision-detection protocols 
would tlierefore be tinsuitable, and IrLAP provides a 
mechanism for ensuring contention-free access to the 
medium, at least during data transfer. 

Tlie Ii'L\F has three distinct phases of operation: link ini- 
tialization, non operational mode, and operational mode. 
Nonoperatlonal and operational modes are distinguished 
by tlie absence or presence of a connection with another 
device. Durii^g hnk untialization. the IrLAP layer chooses 
a random 32-bit device address. Tliis addi^ess is randomly 
chosen to negate the need to select and maintaui fixed 
device addressees for all IrDA devices. Aithougii it. is tm- 
likely that tw(j or more devices within range of each other 
will choose the same aiidress, procedures are declined 
to detect and resolve address collisions. After the link is 
initialized, the IrLAP layer enters nonoperational mode. 

The nonotieralional mode is derived front liDLC's norttial 
disconnect mode (NDM). In this mode, all devices contend 
for the medium. To do this, eaf*h device must (*heck Utal 
the medium is not busy before transmission. This is 
achic^ved by listening for activity — that is, listening for 
physictd layer transitions for al least 500 ms. Transmi,s- 
sions in the normal disconnect mode use link parameters 
that c^an be suppoited by all IrDA devices at a rate of 
9600 bits/s. In this mode, the device ^vill initiate dt^vice 
discov^ejy, address resolution (if required ). and connection 
estabhslmienl. 

Once the connection has been established, the IrLAP layer 
moves into the operational or, in HDLC lerms. no mud 
response mode. This mode is an im balanced mocie of 
operation in wiiich oite device assumes the role of pri- 
mary station and the other assumes a secondary role. Tliis 
is the phase in which information is exchanged under 
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Figure 13 
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('(jntrol of the primary station. The Link parameters are 
neg(>tiate(i during the connection setup procedure and 
remain constant dming tiie comiection. Dining t^iis phase, 
all other devices within range of either the primary or 
secondary stations remain idle oi tlie normal discoimect 
mode. The two communicating devices therefore have 
Lunestricted access to tlie luediLun for tlie diu'alit)n of the 
connection. Once the informaticsn hi\s been transferred, 
the link is disc^omieetetl and the de\1ce returns to the 
normal dLs connect mode. The tlow of procedures for the 
IrLAP hiyer is shown in Figure 13. 

Device Discovery and Address Resolution. The cliscovety 
procedure is tlie piTJcess an IrDA device uses to detexmine 
wluHiicr in' not there aiT miy devices within coimuuiuca- 
tions range, hi doing so. tlie device distrovers the address 
of any device witliin range, the version number of the 
IrI^\P protocol operating in each device, and some dis- 
coveiy information specifieti by the IrLMP layer in each 
device. The discovery procedure is controlled liy tlie 
initiating device, which di\1des the discovery process 
iiito eqmd i>enods or rime slots. The slotted natiue of the 
disc-over procedure minimizes the likelihood of collisions 
wdien there are nn^ltiple devices vntliin range. 

After waiting for a period of 500 ms (nomiai disconnect 
mode rules), the initiating device stai"ts the discoveiy pro- 
cedure and broatk*asts frames marking the beginning of 
each slot. On heaiing tht* initial discovery sloi ( wliich also 
details tlie number of slots in the discoveiy pi^oce^: L 6, 8 
or 16), a de\ice nmdomly selects one of the slots in which 
it wilJ resi>ond. Wlien the de\ice receives the fi"Eme maj king 
its chosen slot, it transmits a discoveiy respoiLse irame, AR 



frames in the discovery procedure use the HDLC unniun- 
bered format of typv XID (exchange identification)." An 
example (jf tlie diKC{jveTy process is shown in Figure 14. 

Figure 14 show^s a three-tievice scenario in which de\ice 
A is wiihin range of devices B and C. Device A initiates 
the discovery process by transmitting a discoveiy XID 
command frame which, in this case, indicates Lliat tiiis is 
a sbc-sloi discoveiy process and Oiat tins Is tlie initial slot. 
Devict^ A continues to transmit discoveiy command XID 
frames indicating the apiiropriale slcjl number. The final 
frame- after slot 6, is indicated by a slot number OxP'F, The 
final slot also contains iiifoniiation about the initiating 
device. 

Wlien the initial discovery XID command frame is re- 
ceived, devices B and C randomly choose slots in which 
to respond — in this example, slots 2 imd 4, Device H then 
waits imtil it hears the discovery XID command indicating 
slot 2, and responds with a discoveiy XID response frame 
containing information about itself. Smulaiiy, device C 
transmits a response during slot 4. Once the discovery 
process is over, all devices have the address and odu r 

■ In this camext XID is s r/pe of KDLC frame as.spficifted in ttie ISO standard. 



Fij^ure 14 

The discovery procedure. 
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information of all the deiices within range: that is, de\ice 
A has infomiation about dc'vices B and i\ while de\ices 
B and C each have knowledge of de\ice A. How ever, 
devices B and C are mutuaUj' tiiddeji and as a result have 
no information about each other This disco^Try informa- 
tion is passed to die upper layers whose responsibility^ it 
Ls to detemune jl theiT are any address collisions that need 
TO l>e dealt with. 

Should any of the devices that participated m the dlscoveiy 
process have dujilicate addresses, then ait address resolu- 
tion process can be mitiated. Address resolution follows a 
procedure similar to the discoveiy process, except that 
the device detecting the addre^ conflict initiates the pro- 
cedure, and resolution invoh'es only the devices that have 
conflicting addresses. In this case, the initiating device 
transmits an address resolution XID command directed at 
the conflicting arldress. Devii^es witii this addi^ess select 
another random address ajid a slot in wiiich to respond. 
The initiator rrajisiniii> the slot mcirkei's as before, and the 
previously conflicting devices respond in the appropriate 
slot. Once the process is over, each device should hav^e a 
unique address. In tlie unlikely event that an address con- 
flict still exists, the procedure can be repeated. 

Connection Establishment. Once the diSCOVety mid ad- 
dress resoluti(5n prot^esses ^ue cc)mf>lete, tile application 
layer may decide that it wislies to connect to one of the 
discovered <[evices. To connect, the application layer v^ill 
issue a connection request which will ultimately result in 
tlie appropriate IrLAP service primitiv^e being invoked 



The IrL\P layer connects to the remote device by trans- 
mitting a set nonna] res^ionse mode (SNT^I ) comjUiind 
frame \*itii the poll bit set. Tins conmiaiid informs tlie 
remote device thai the source wishes to initiate the con- 
nection and the poU bit indicates that a response is re- 
quired. Assuming the remote device can accept the con* 
necUon, it responds with an uimmnbered acknowledge 
( U A) response firame with the final bit set. This Indicates 
that the coTmection has been accepted. Under normal 
circumstances, the device that initiates tlie cronnection 
( rransniits the set nonnal response mode) will become 
the master, or primary^ device, and the other device will 
become the slave, or secondary" device. .\n example of 
connection establisluneni is shown in Figure 15. The 
notation used in the frames in Figure 15 has the general 
fonn l{x,y) and RR(y K where x is the sequence numbei^ of 
the utfoniuition frame and y is the sequence number of 
the nex1 frame the source device expects to receive from 
the destination device. 

The connection establishment takes place in nomial dis- 
c^onnect motle (9G00 bils/s). antl once tliis is con\pleted, 
the two devices will be in normal response mode. While 
in nonnal response mode, the devices can exchange data 
at any IrDA defined rale. However, not all IrDA devices 
w^ill suppoH al) IrDA data rates trr fink piumnetei^. It is 
tlierefore necessarj' tV>r the devices tf) negotiate the 
t>iirajneters for normal response mode during connection 
seiut). IrDA has defmed several link parameters that can 
be negotiated: 



Figure 15 
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■ Data rate 

■ Maximum turnaround time 

■ Data size 

■ Window size 

■ Number of additional start of frame symbols (BOFs) 

■ Minimum turnaround time 

■ Link disconnect threshold time. 

Data rate defines the data transfer rate during normal 
respionse mode (9600 bits/s \a 4 Mbit.s/s}, while maximum 
I luiiaround tinit^ dt^ilnes tiie length of time either cle\ice 
may transmit before giving the other device a chance to 
transmit (50, 100. 250, or 500 ms). Data size determines 
the maximum length of the data field in an information 
frame (64 to 2048 bytes), and, in fombination with the 
reti^ansmission window size, wiiich defines the number of 
outstanding fiames that may be unacknowletiged, jdlows 
devices wltli only limited resomces to lestric't the rate at 
which they will receive data. Number of additionai BOFs 
and minimum tUTTtarouud time relate to physical layer 
restiirtinns, while hnk discomiect threshold time deter- 
iTiines how long a device will w^ait without receiving a 
response from another device before assimimg the hnk 
Ubs failed and informing the upper layer tliat the Imk has 
disconnected. 

WcU-defmed rules exist tliat ensiue that after the set nor- 
mal response mode-UA exchange ha^ been completed, 
both dex'ices will know the negotiated normal response 
mode parameters. Once both devices are in normal 
response mode, the i:>rimaTy device polls the secondai^' 
device by transmitting a receiver ready (ER) frame with 
the poll bit set, tliereby initiating the infonnation exchange 
phase. 

Information Exchange and Link Reset. The informal ion 
excliaiigo procedure operates in a master-slave mode in 
which the primary de\ice controls the secondary de\ice*s 
access to the medium. The primaiy device issues com- 
mand frames to the secondaiy device which responds 
with response ft^ames. To ensure that only one device can 
transmit frames at any one time, a permission-to-transiTut 
token is exchanged between tlie priinart^ and sectjiuiary' 
devices. The primaiy device passes the pennissloivto- 
transmit token to the secondary by sending a command 
frame with the poll bit set. Tlie secondary device I'ettims 



the token by transmitting a response frame with the final 
bit set . The set^cjudary device can only retain the token 
while it is transmitting data, and it must rettun it to the 
primary device if it has no data to transmit or if it reaches 
the maximum turnaround thne. The primary' devit^e. 
however, witliin die limits imposed hy the maximum tuni- 
around tiniCj can hold tlie token even if it has no data to 
transmit 

Although the physical layer has been designed to provide 
a low hit eiror rate chaniiel. the dynamit^ nature of the 
infrared connection results in a possibility that frames 
may be lost in transit becaiEse of comiption by noise. To 
cope witli this, the IrLAP protocol uses a sequenced infor- 
mation exchange sclieme with acknowledgments, Shotiki 
a triune be corrupted by noise, the CRC will liighhght tins 
error and the frame wiD he discarded. At the hLAP layer, 
this error will he detected by virtue of the noncontiguous 
seqiience numbers on the intonnation frames. The IrLAi^ 
protocol implements an aiatomatic repeat request strateg;^^ 
in the same manner as HDLC with options of nsing stop 
and wait, go back to N, and selective reject retransmission 
schemes. ^'^ This strategy allows the IrLAP layer to provide 
an error-free, reliable link to the h'LMP layer. An example 
of an error-free iidbnnation exchange between two devices 
is shown hi Figure 15. 

Under exceptional circumstances, how^ever, it may not be 
possible for the hLAP entities in each device to recover 
ft'om an error condition while maintaining the sequenced 
delivery of error-free information f F) frames. In tltis case, 
the IrLAP entity Is al fowled to reset the link, Tliis reset 
involves discarding any undelivered information and 
reinitializing the sequence numbers and tuners for the 
link. Althougli this may restilt m the loss of daui, wMch 
tlie liigiier-level layer must deal witii, it docs tdlow the 
link to recover without the need for a total discoimection. 

Connection Terntinatton, Once the data exchange has 
taken place, the IrLAP link may be disconnected by either 
tiie primaiy or secondaiy devices. Should the primaiy 
wish to disconnect, it sends a discoiuiect conmiand to the 
secondaiy device with the poll bit set. The secondary re- 
sponds by returning ai\ lumuiubered acl<nowiedge fiame 
with tlie tiual bit set. Both devices will now be in nonnal 
disconnect mode, and the default nonnal disconnect 
mode parameters (Ot>00 tnts/s data rate) will apply If the 
secondaiy wishes to disconnect, it tiaiismits a request 
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disconnect re^onse with the final bit set when it is polled 
by rhe primary. The primarj^ vdll then respond by trans- 
mitting a dlsronnect coniniand, and bcith devices will be 
in normal disconnect mode. An example of a priniarj- 
initialed discomiection is shown in Figure 15. Once the 
two devices ai'e in normal disconnect mode, the medium 
is fi'ee for any other device to initiate the discover>^ ad- 
dress resolution, or connection procedures. 

The Infrared Link IVIanagement Protocol 

Tlie link Managemc?nt Protocol (IrLMP) is layered on top 
of IrLAP, and has two nvsin fmictions: application and set- 
\ict» discovery^ and nmltiplexiiig of application level con- 
iiectioixs over the single IrLA^F comit'ctioiis. The iiiJMP layer 
allows individual service users (applications) to connect 
and excliange infoniiation with similai' entities in the peer 
device, independent of any other senice users that may 
be using the IrLAP connection- Tlie IrLMP layer provides 
niidtiple independent channels to the IrLMP layer in the 
remote device. Tlie kLMP layer also provides a service 
with which applications can locally register themselv'es 
and some .significant parameters in an information base. 
Senices are also provided that enable those applications 
to access equiv^alent infoniiation in the uiforn\ation base 
of remote devices. Using this service, an ai)plication does 
not need prior knowledge of the applic^ations in a remote 
device. Tliis is an extremely useful featiue for rhe kind of 
ad-hoc interac'tions lyiJicaJ of IrDA devic^es. 

The twYj main fimctions provided by IrLMP are split be- 
tween two sublayers. The Link Manageuient Multiplexer 
(LM-MUX) provides the facilities for multiplexing apphca- 
tioji level conutKlions over a km IrLAP connection between 
a pair of devices. The Link Managi^nieiK Infoniiation 
Access Service (LM-IAS) provides the services; necessary 
lo dlow apphcations to discover devic^es tind access the 
information hi the iid'ormation base of a remoie device. 

The Link Management Multiprexer The LM-MUX adds 
two byles of overhead to the lrL\P infonnatinn frame, 
which are primarily tised for addressing the individual 
nuihiplexed coniieciions. Tlie address fiekls uniquely 
iflentify the luik service access points (LSAPs) iii both the 
source and destination devices. Each LSAP is addressed 
by a seven-bit selector (LSAP-SEL), and LSAP-SEUs witMn 
tlie range 0x0 1 to OxOF can be used by applications. LSAl^- 
SEIjS 0x00 and 0x70 are reserved for the information 
access service server and the connectionless data service 
resjiectively. The remaining LSAP-SEL v^alues, 0x71 to 



OxTF. are resented for future use. Connections between 
IrLMP service useis are called LSAP connections, and 
although an LSAP may temiinate otiier LSAP connections, 
there is only one LSAP connection between any pair of 
LSAPs. All LSAP connections use the single IrL'\P con- 
nection between the pair of de\icGS. 

Information Access Service* The information access ser- 
vic^e niciin tains hifonnation about the senices provided by 
the host de\ice and provides services that allow access to 
the uifomiation base on remote devices. The infomiation 
access service allows devices to discover which services 
are available on the host device and provides tlie configu- 
ration information necessary to access those services. 
Ab an example, the most commcJii piece of infonnation 
required is the LSAP-SEL vahiCt which tells where a 
particular service is located. 

The uif oniiation stored in the iufomiation base consists 
of a nmiiber of objects. Each objed belongs to a specific 
class, imd there may be several objects of tlie same class 
in the hifonnation base. The class detmes the atiributes 
tJiat are present in each object, and these attributes can 
be assigned a partitiilar value. The attributes of a class 
can be of t>7)e user suing, octet sequence, signed Integer, 
or missing. Figure 16 shows an example of the infonna- 
tion access service database for a device offering three 
unique services. 

The exantple shows a device v^ith three individual apph- 
cations: e-mail, caleuchuv aiul hOBEX (file trjuisfer api>li- 
cation). The information base contains three objects asso- 
ciated with these applicaticms. The required Object is 
always present within the information access service 
database, and it provides infoiTuation about the device 
name and the version of IrLMP the device supports. All 
other devices can address Object lo get this information. 
Objecis in die infonnation base typically tletail infonna- 
tion about the services provided^for example, the LSAF- 
SEL w^here these services can be accessed. In the case of 
the calendar application, this service can be accessed 
using tiie Thiy TF llow-cnntrol mtjciianism on LSAP-SEL 3, 
or directly on LSAP-SEL 2. fhe difference is encoded in 
the attribute name. 

The IrLMP layer provides several service primitives to 
access information access service data. However; the only 
RKmUatory service is GetValueByClass. Tliis senice requires 
the service user to provide the class and attribute names of 
the service it is interested in. The service returns a list of 



Februarjf 1998 • The Hewlpti Packard Joumaf 



)Copr. 1949-1998 Hewlett-Packard Co. 



Figure 16 

Example mformBlion access service database. 



Informati'an Base 

Object 0: Class Device { 

DeviceName=-'&ly Device^' 

irMPSupport-OxOl 
> 
Object 1: Class Email { 

IrDA : IrLMP : LSapSe 1 =0x01 

IrDA: IrLMP : Ins tanceN^ame^ "Mail" 
> 
Object 5: Class Calendar { 

IrDA: IrMP : LSapSel=0x92 

IrDAiTinyTP : LSapSel=0x0 3 

IrDA ; I r LMP : I nstanceName= "CalTool " 
} 
Object 8: Glass IrOBEX { 

IrDA : TinyTP i LSapSel = 0x04 

IrDA : IrliMP : Ins tariceNaine=" Launcher" 
) 



Calendar 



IrOBEX 




m 



m 






LSAP-sa isAP-sa 

1 2 



frnyTP TiiiyTF 



LSAP'S£L LSAP-SEI. 



object identtSers and attribute values for all objects in tlie 
infonuation base ^vith the requested class and attribute 
name. Refeiiinf^to the example in Figure 16, if a peer 
device issued a GetValueByClass with parameter Calendar 
for tlie class nanie and trDA:lrLMP:LSapSel for the attribute 
name, the sei\ice would reUuii a siiigit* element list wltti the 
eniiy coiitauilng object idcnLilier 5 and attribute value 2, 

Tiny TP flow Control Mechanism 

Although the IrljAP layer does havt? i^rovisiuns lor flow 
control, its use cai\ result in deadlocrk situations, particu- 
larly where more than one IrLMP connection is operating. 
Such a dcacllock situation c:an occur if an application in 
one device is waiting for its peer applicatiou to send it 
some data before releasing its buffer space. However, an- 
other connection n\ay use up the remainhig buffer space, 
causing the hLAP layer to llow-control the link until buffer 
space becomes aNtuiable. If both connections mv w aiting 
for data from the remote device before freeing the buffers, 
then clearly a deadlock has occurred that cannot be re- 
solved witlioui some fonn of higher-ievel inten^ention such 
as a system reset. 

To o\^ercome this problem, frDA provides the lightweight 
transpoit protocol called liny TP^ Tiny TP adds a single 
byte of overhead to each framc^ tmd provides a per-I^SAP- 
comiection credit-tiased Oow" control mechanism with 



the possible segmentation and reassembly of service data 
units of up to 4 Gbj'tes in size. When a Tiny TP c^onnecUon 
is initiated, the maximum service data unit size is negotiated 
and some initial credit is extended to each connection 
endpoiiit. Senduig data causes the credit to be decreased 
by one, and periodically the receiver issues more credit. 
Witliout credit, the iimismitter caimot send any data. It 
must wait Luitd such times as the receiver extends it some 
more credit. Using Tiny TP a device can ensiu'e that credit 
is distribul ed among its apphcations, ensuring thai the 
applications can conrnnmicate without reducing the buffer 
space to such a degree that IrLAP ilow^ con!rt>l must be 
used. 



Conclusion 



IrDA has completed the core standai'ds necessaiy to en- 
able miy mobile computing platfonn with ad4ioc, point- 
aiid-shoot infrai'ed conununications from 2400 bits/s to 
4 Mbits/s. Support for the IrDA platlomi from a wide 
variety of mamifactiurers is now beconung apparent, as 
many products — ranging from pi'iuters to laptoj} PCs and 
PDAs to mobile phones — ai'e being released with IrDA 
capability. All these devices will have the ability to inter- 
operate \^ith one another should tliat he retjuired. With 
over 130 companies activ ely maintaining membership in 
frDA, currently released frDA-enabled products represent 
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only the tip of the iceberg. In the coming months and 
years, it is expcn^tpd that more and more computing and 
other devices will he released \*ith built-in liDA capability. 

Rowever, proxiding ihe hardware platform to support 
IrDA is only half tlie story. Cmrent activity within IrDA is 
dirtH'ted at fmisliing off tl\e Ii'DA series of standards to 
enable apphcad on-level developers to access the IrDA 
features in a imifonu and efficient mamier Tlie needs of 
legacy serial/pai-allel appltcatioiis have been addressed 
with The IrCOMM standard. Legac^y ni^twcjrking appOca- 
tions win be able to use the IrDA features implemented in 
the foithcoming IrLAN protocol However, it is exjiected 
I hat a new class of applications will be developed with 
llie express purfiose of usLiig the unifjtie feahu'es of IrDA- 
cnablcd devices. The IKJBEX protocol, wiien completed, 
will [)r(nitle apphcation progranimers with a generic 
method by which data can be excrhanged with other appli- 
cations without having to know the details of the destina- 
tion application. As an exiiniple, txtuLsferring a grapliic to 
another PDA fwhich will display it) or to a printer (which 
will prijit it ) will be no different from the source applica- 
tion's point of view. Altetiiately, a more flexible approacii 
to accessing the Ii'DA connmmications facilities will be 
to diiectJy access them tluough the operating system's 
ai^plication progi'animing interface. An example of this is 
the VVinSock-sLyle Ai^I to IrDA, caDed IrSock,^^ ciUTentiy 
being developed for the Microsoft® Wmdows 95 operating 
system- 

hi conclusion, the future for hifrared is bright. With cross- 
indiistiy sui>poit, hi>A is hisi becoming the iibiquitoiLS in- 
fnii\%l c<jmmimications sy^stem for poilaialo ;ijid peripheral 
devices. Althougti legacy support, for other infrared sys- 
tems will i>ersi.st for some time to come, the IrDA simidard 
is now used on so nicmy platfoiiiis tliat it is unlikely any 
new systems will be anything other than IrDA-enabled, 
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RF Technology Trade-offs for 
Wireless Data Applications 



Kevin j- Negus 
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John D. Waters 
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Rapidly evolving wirelp"" ^ -^ --- standards and applications are placing 
demands on RF semicondu.. lufacturers to produce highly specific and 

optimized RFIC solutions for specific growth segments including wireless data 
terminals. 



C 



iirrent RF wireless connectivity standards used for LANs and WANs 
mcliide cellular and PCS (Personal Communications Services) protocols such 
as GSM (Global System for Mobile Communications) and AMPS (Advanced 
Mobile Phone System), trunk radio systems such as RAM and Ardis 
(proprietary systems), and ISM (industrial-scientific-medical) systems. In the 
futui'e, satellite-based standards and dedicated wireless dat^ systems such 
as HIPERLAN (European 5-GHz LANj and U-NH ( Unlicensed National 
Intbnnatian Infrastmcttire) will be more commonplace. From a wireless data 
user staridpoint, tl^e radios based upon these standards can be implemented in 
a variety of physical form factors including rennjvabie PC cards that contain an 
entire radio, radios that, ai^e built into a dedicated data collection terminal, or 
cellLiiar and PCS phones that conpect to a laptop modem via a cable. 

The applications listed above are made posvsible through high-performance 
RF semiconductor c:omponents. These applications range in frequency from 
several hmidred megahertz to 6 GHz and above and require several watts of 
power output in some cases. Tliese requirements need to be satisfied along 
with aggressive cost goals, achieved by means of low-cost, surface mount 
plastic packaging. The RF semiconductor technologies on which these 
components are based ciin'ently include gallimn arsenide (GaAsJ and silicon 
bipolar and will increasingly include CMOS in the future. Some specific 
examples of end-product beneilts that RF component technolo^es can affect 
on a first-order basis include the cost, size, weight, and batteiy life of the 
wire less da1:a term i n al . 



O 
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Ltjwer cost is now hinng achieved in enci-iLst»r applications 
as a result of ihe tremendous growUi ot the RF semi- 
conductor industry and the coiTesjionding economies of 
scale that are created. Innovative RF architectures and 
approaches to liigh-levei integration Ccin alstj lead to much 
lower t^ost. 

Smaller wireless data terminals are made possible by 
highly mtegrated components that aUow multiple func- 
tions and previously exlenial support elements to be 
iiicoipnrated onto a single KFK\ This approach is usually 
only justilled for high-volnme staiuitmls tind appUcations 
and the restilting IC: does not have the flexibility to be 
used for a wide variety of standards. For the tli^ital celhi- 
lar stmuJiuxf (rSM (Cdobal System for MohOe Conuuunica- 
tions), a highly inlegi'ated approach is justified because of 
the large product icin voliunes and relative homogeneity 
of the technical appj-oaches used by various customers. 
Howevei; the relatively sn^all wireless data maiket cur- 
rently consists of a fragmented group of existing and 
emerging stmrdards. Therefore, a highly integrated RFIC 
approach is risky^ to the component manufacturer mid 
hmits the number of these RFlCs that are being developed 
for the maiket. An alternative way of accompUshing the 
small size objective is to use very^ small, floxihie, high- 
jjerformance iniilding-ljlock RFlCs that ccmtain a few 
key functions per product. These RFICs vmi be used in a 
vmiety of systems and with a vaiieiy of customers. Tills 
wide range of use idlows these RFICs to be produced at 
a very low cost. 



Substantially longer battery operation has been achieved 
in RF couuiiunications equi]}tnent pmtly by RF compo- 
nents Lliat luive lower supply cturent requii'enients (higher 
efficiency). Within the radio system, the power amplilier 
usually requires a large percentage of Iht^ supply current 
budget relative to the rest of the RF cojupc^nents. As a 
consequence, many of tlie component developments 
geared for improved efficiency arc? targeted toward the 
luower amplifier. 

Lower-weight systems have emergeti because RF compo- 
nent mmmfactnrers have been al)ie to rechice their supply 
voltages, thus enabhng operation from fewer battery cells. 
Tlu* bat teiy is the heaviest component in many battery- 
l>owered com jnuni cation devices. Despite its high t^ost* 
lithium-ion is a common batteiy teclmolog;^^ iliat Ls in favor 
for its improved battery life, reduced memory effects, and 
longer storagt^ times. 

Target Applications and Available Technologies 

RF system si>ecifi cations havt* a great impact upon the 
ultimate cost, si7.e. weight, mid battery life of any radio 
imiJlementation. System-level trade-offs that incknle data 
rate, bit error rate (BER), system capacity and range ulti- 
mately diive the radio spec;ifications. These stjccifications 
directly affect the choice of RF components and technolo- 
gies used in the radio. The m^or RF component drivers 
include operating frequency, RF output powder, ajid modu- 
lation technique, K(\v system sijecifications of some exan\- 
ples of wu'eless data systems are summmized in Table I. 



Table 1 
















Ea-amples ofWindess Data 


Systems 












System 


Frequency 
Band 
(MHz) 


Data Rate 

(kbits/s) 


Channel 
Spacing 

(MHz) 


Modula- 
tion 


Transmit 
Power (W) 


Range 

(m) 


Comments 


CDPD 


824-849 Tx 
S69S94 Rx 


9.6 


0.03 


GMSK 


0.6 


10000 


Uses empty analog 
celkdar cliannel 


U-PCS 


1910-1930 


1152 


LO 


DQPSK 


0.1 


200 


Unlicensed pan of U.S. 
PCS bands 


fEEE 802.11 


2400^2483 


1000 
2000 


1.0 


2^GFSK 
4^GFSK 


O.L 1 


100 


Subject to significant 
interference 


HIPERLAaN 


5150^5300 


23500 


30 


GMSK 


1 


30 





CDPD - CelluJar Digital Packet Oaia. 

GMSK = Gaussian rninimum shift ktying. 

Z.4'GFSK = Z-fevei or 4-lBve( Gau&SfSfi frequency shift teyrng. 



IE£ 802. It = 2.4^GHz wireiess LAN standard. 

Ti/4 DQf^K - n/4 differemial quadrature pJiasa shift ksving. 
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Thp operating frequency* is a key specification beeaiise it 

affects many RF component decisions inchiding whether 
GiiAs or lower-cost silicon bipolaj' components can be 
used. Other considerations include whether the conve- 
nience of easy-to-use RFICs can be exploited or if discrete 
components cU"e the best way to acliieve the reqiured 
noise figure and power efficiency. Development time 
and available RF expertise are also factors in choosing 
l^etw^een HFICs and discrete components. 

Tlie modulation technique employed in a radio is a critical 
specification because it drives the tyi>e of u\odulator used 
in the system. A simple FSK (frequency-shift keying) tech- 
niijue can be implemented with minimal c<jsl by direci 
inodulatitm of the phase-locked loop. FSK-b^ised systems 
do not retjuirc a linear iransmil path, so tower-cost and 
iower-<*uiTent components can be used. Techniques based 
Liprni QPSK (quadrature phase-shift ke>ing) modulation 
require mi I-Q (in-phase fUid quadiatuie) modulator in tlie 
transmit path, which adds cost. In addition, lineai' power 
amp lifl el's, which consume larger currents, are required 
for modulation tecliniques Oiat have eiivelo]je fluctiiatious, 
such as QPSK. Tlie Lieriellt of QPSK systems is greaier 
spectral efBciency or user density, but this is often sacri- 
liced in unlicensed wireless data ai)t)lications wiiere no 
revenue stream is available to subsidize the tenninal cost. 

The ijower output ievt^ls of wireless data tenuinals tyt^i- 
cally range from mtUlwatts it) watts. On tite high enfl of 
the range, a GSM data terminal (two watts out of the 
ajitenna) might use a hybrid power module. A wireless 
LAN output stage with power output of 10 mW can use a 
simple bipolar transistor or RFIC that may cost only one 
twentieth as nuich as the GSM solution. The required 
power levels, along with the modulation technique, \uAp 
determine the semiconductor technology that will l>e 
used. For a 2.4-0 Hx wireless I-AN system that requires 1 W 
output power and uses QPSK modulation, a Ga.\s-based 
output ami.)lilier is essentia! for the higher gain and hnear- 
ity pro\1ded by this technolog;^^ On the other extreme, 
a 0,5-mW average remote control device operating at 
900 MHz with an on/off modulation technique may favor 
the use of a low-cost silicon bipolar tr^msistor or RFIC. 

Table II suminari^ies the key HP RF semiconductor tecli- 
nologies currently used to develop higli-vohuiie wireless 
RFlCSj m well as potential hittire <'andidate technologies. 
GaAs RFICs based on PHEMTs f pseudonioiphic high- 
electron-mobility transistors) are typically restricted to 



fairly low-levels of integration in front-end components 
such as low-noise amplifiers, tjansmit/receive switches, 
or power amphfiers. PllE^MTs can also be used to make 
excellent upconveners and downconverters, but the t*ost 
peiialt>' relative to silicon bipolar often o\ ercomes any 
shglit performance advantage. HP's ISOSAT siiic^on bi- 
polar technology features good liigli-speed n-p-n transistjors 
combined witli excellent p^jsixe elements inckiding 
high-Q inductors. t>recision high-Q capacitoi^, integrated 
varactor diodes, and integrated lOU-GHz Sciiouky diodes, 
lliis makes ISOSAT ideal for most, frequency converter 
applications inckiding I*Q vector ntoduJators and high- 
d>iiamic-range dovviiconverters. JStJSAT passive elements 
can also l^e used to improve narrowb*uicl ;miplirier perfor- 
mance and even build Mly monohthic ^'oltage-controUed 
oscillators (\^COs). 



Taiile II 
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(4 nH at 


Size 




TechnolDgy 


(GHz) 


(GHz) 


2 GHz) 


{mm^l 


Cost 


ISQSAl* 


14 


30 


10 


2-3 


Me- 
dium 


HP-25 


25 


30 


5 


10-2(^ 


IjOw 


HP PHEMT 


60-90 


N/A 


20 


<1 


High 


Next- 












Generation 


30 


>50 


lo 


10-20 


Low 


RF Bipolar 










1 



The HP-25 process listed in Table n is an example of a 
slat(*-of-the-ail, high-speed, liighly manufactm-al^le silicon 
biiiobu" prcjce.s.s that cim j>ro\1d<* high levels of integration 
ev^en for RF applications. HP-25 is based on a mainstream 
CMOS process and is biiiU in the same hi|^fi-%H)lunic 
fabrication facility with the same tools as CMOS. Next- 
generation RF bipolar processes are expected to have 
even bigher^perfomiance n-p-n transistors while using 
passive elements improved ui)(jn from ISOSAT By coutiu- 
uing the HP-25 philos^>i>hy of tisin^ CMOS-based unit 
processes, these next-generation RF bipolar ]>rocessps 
should be highly manufactnraljle and low in cost. How- 
ever. CMOS tecluitjlogies are jilso imtJr<:j\^ing dramatically 
overtime, and next-geni>mtioji ( MOS will be capable of 
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implementing many RF functions^ especially those used in 
frequency syiithf .sis aiid IF demoduliitian. 

Example 1 : Low-Cost dOO-JVIHz Remote Cdntrol Data 
Device 

Consider an extreme example of a very simple wireless 
data device implemented at the lowest possible cost. 
This type of one-way de\ice could be u.sed for keyless 
enti^ (with a data-enci'>pte<:l security code), meter read- 
ing, or remote control of digilal equipment. Key attributes 
are low c:c)st and current consumption at the expense of 
short range, very low data rate, and somewliat unreliable 
operation. 

A possible circuit schematic is given in Figiire 1. Concep- 
tuatly, the transmitter consists of a crystal oscillator, fre- 
quency tripler, frecjucncy doubter, and output amplLfier to 
provide an on/olT keyed data stream in the 9(}2-to-928-MIiz 
ISM band itiider I IS FCt; Pait 15.249 low-power rules. 
The RF section would liave the crystal oscillator and trip- 
ler tunied Oil .several inilliset t>nds before transmission. 
The oii/olT keying could be as cTude as simply enabling 
Y(^^2 by a depletion-mode FET c*ontrolle<:l by a C^MOS bit 
from a nuc roc on trotter. This am work quite well for low 
data rates of 10 kbits/s or less ( 100-us-duration pulses). 
Under Pajt 15.249 rides, the avejmge transnut power in 



any 100-ms period must be less than 0.5 mW. This would 
allow, for example. 5-mW transmit power at the mitenna 
ill Figure 1 so long as the buisis are only 10 ms long 
(or 100 bits at 10 kbits/s) and spaced 100 ms apart. 

As iUtisurated in Figure 1, tlie RF semiconductor portion 
of tlu* tnuismitter is only four discrete bipohu' transistors, 
which can be identical, ultralow-cost AT415:J;is. The 
457-M115! baiidpass filter can be realized easily by printed 
coupled lines, so the 152.5-MHz crystal and the 915-MHz 
band]>ass niter rcjiresent the only significant iDassive 
elements in lenns of cost. In the tLS.A., in snflicienUy 
high volume^ the RF transistors are much less than one 
dollar for all four ajid tiie tot^ cost of this solution is only 
two to three U.S. dollars, making it competitive with an 
infiared solution. 

Example 2: Highty Irttegrated 2.4-GHz Wireless LAN 

In the 2*4-GH2 wireless LAN market, meeting the small 
size requirements of the popular PC-card fonn factor 
demands a high level of integration, both in the RF and 
cUgitaJ circtuirs of the device. Tlw tligital part of the device 
is now routinely acconuvu)dated in only a few ctjmpo- 
nents, typically ai:i application-specific controller IC mid 
associated ROM and RAJVI, and as such can e^Lsily he 
accommodated within the PC-card form factor, iiowever, 
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the RF sections are not so easOy integrated, and therefore 
careful consideratioii must be given to the radio architec- 
ture to ensure an optimum trade-off of size, power con- 
suniption, and eoniponeni cost One such architecture for 
a frequency-liopping wireless LAN. \^ith the majority of 
functionality resident in only a few ICs, is illustrated in 
Figure 2. 

Tlie radio consists of a double-conversion superhetero- 
d>iie receiver and a single-conversion transmitter. This 
aiTangemeiit Is helpful hi achieving the lOO-MIIz operating 
\vidtJi (jf the 2.4-GHz ISM band while pro\idmg adequate 
.suppression of transmitted spurious and received image 
respfinses. Some care must be exercised in choosing the 
fii-st intermediate frequency (IF) to ensure that it is not 
affected by spurious products generated elsewiiere (e.g., 
hannonics of the crystal reference) and that its owti har- 
motiics \vU\ not be a problem. In tliis example, 236 MHz is 
used for both the trarisniittei' and the receiver since this 
allows small, low-cost, three-pole ceramic filters to be 
used in the transmit chain, meets the bmhs for spurious 
emissions dictated by tbe regulatory- bodies, and is not 
tdTcH'ted by the l(>-MHz referenc:e. 

Translation bet^^een the first IF and 2.4 GHz is performed 
by the combination of the HPMX-dOOI upconverter/down- 
converter IC and the HPLl^SOOl high-speed CMOS syntlie- 
sizer. The xsynthesizer, operated iu a dual-rnoduliLs conllgu- 
ration with the HPMX-5i)0rs iW-^^ dual-modulus pi^esctiler 
is used to define the channel of operation. Driven from a 
16-MHz reference — an uiteger multiple of the system 
channel spacing — the syntliesizer can hop channels easily 
within the 224 ps required by the IEEE 8Q2.11 standai'd. 
lYansmit/receive tunimound time is less t h^m 19 fis, the 
fast tuniai'otmd dictateti l)y the HTS/( 'TS protocol normally 
used in a v^ireless LAN system. This is achieved by contin- 
uously iTuining the modulator synthesizer at twice the 
second IF so as not to inleifere dormg receive periods, and 
then txHuiecting via a di%4de-by-2 circuit to die HI*MX-500i 
only during transmit periods. 

The HPMX-3003 provides the nigyor front-end fuiictions 
of low-noise amplifier, switch, and power amplifier. The 
transmitted signal from the IIPMX-5001 followed by the 
ATM 1011 d ri v£* r is am p 1 i f i ed t ( ) a fin a I f nu p u t {m w e v 1 e^- f *! 
at the antenna in excess of 200 mW by the HPMX-;J003. 
Note that 100% duty cycle operation is possible with this 
device, which is an important consideration in asynchro 
nous wireless LAN applications^ in which the transnut 



duty cycle is determined by traffic loading to a large 
extent and is not usually hniited to any significant degree. 
Transmit/receive antenna switclui\g is pro\ided by the 
HPMX-3003 s lovv'ioss switch. In the receive path the 
IIPMX-3003 s higii gaui and low noise figure ensure a good 
overall sensitivity for the receiver. 

To improve the overall system performance and data 
througiiput it is often desirable to inchide some form of 
diversity in the tnmsniission chaimeL Most popular in 
low-cost systems is receiver anteima div^ersity. that is, a 
dual-antenna rec^eiver. wliich can offer up to lO-ciB in\- 
provement in system error performance. In Figore 2 we 
illustrate this with two antennas spaced nominally }J2 
apart and selected by an MGS-70008 GaAs MMfC switch. 

Ttie HPMX-5002 provides all the necessary fimctionalitj' 
for the demodidation of a downconverted 2-FSK signal 
The HPMX-5002 contains the receiver's second niixer^ 
limiting IF amplifier chain, discriminat or data sllcer, lock 
detector, and RSSI (receive signal strength indicatcu') 
cu'cuits. Also included are the necessary active compo- 
nents and dividers to generate the receiver's second LO. 
In Figure 2 we use a second LO frequency of 2 Hi MHz 
derived fi'om the 16-MHz reference to create a i^O-MHz 
second IE The second IF is chosen low enough to ensuie 
that die quadrat Lu^e discriminator can t^e designed v\itli 
low-tolerance con^portents to nunimize cost and avoid 
production acljustments while nuiintaining a low fractional 
bandwidth. Output from the discriminator's Gdbert-ceU 
mixer is fed via an external data filter to the data slicer. 
The sliced receive data is tiien i^assecJ to the* ladio con- 
troller where it is processed and decoded according to the 
XL\C (nietlia access control) protocol being used (e.g., 
IEEE 802,11). 

Tlie complete RF' section of tliis liighly integral ed wireless 
L\N (^onslsting of RFl("s, lilters, mid associated passive 
components is accommodated in less than 15 cm^ of 
pnnted circuit board sniface area, making it ideally suited 
to PC-card applications. The use of low-voltage operation 
ui tlie devices combined with their power management 
facihties creates a low-power design i^articulaify suited to 
]:>(jiiable applications. Interfacing to ttio radio controller is 
slraightfijrwi^nd, with ihp majority of signals interfacing 
directly at normal CMOS levels. Only a minimum of inter- 
face circuitry is required to implement the fijll level of 
control rettinred for the current generation of wireless 
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Figure 2 

Frequency-hopping 2 A- GHz wireless LAN. 
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LAN systems. Many of the key performance paranieters 
are summarized in Table Til. 



Table III 


1 

1 


Sum mary qf^AGBz Witvle&s LAN RF Seetim 


Fetfarmmite 




Simply Voltage 


:W 


R^ceh^e Mode Current 


immA 


Tiimsinii Mode Current 


500 m.\ 


Fi equeiicy Band 


2.4 to ±48 GHz 


Transinit Power 


200 jnW 


Data Rate 


1 Mbiiys 


Sensitivity 


- SO dBni 


Range (Lobs of Signal) 


> 100 m 


Board Area 


15 cm- 



Exampfe 3: Rapid Developtnent of a S*GHz Wlrelass LAN 

Recently, considerable interest has aiiseii in building 
wireless LAKs ai 5 GHz to obtain jnut*li higher data rates 
(of the order of 10 Mblts/s) in imlicensed operation witli- 
out die bin denstime rules imti pnjbleniatie interference of 
ate 2.4-Gilz ISM band. An example of tliis is lilPEKL.W in 
Europe. In the U.S.A-, the FCC is considering allocation of 
the band from 5.15 to 5.35 GHz for similai' types of high- 
data-rate wireless IJVNs. However, \Aireless tenninal man- 
ufacturers wanting to build real products in thi.s banti will 
not have higiiiy integrated cMpsets as shown in Extunple 2 



Figure 3 

Buifding-bfock up/downconverter for a 5- GHz wire f ess LAN. 
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for the near fiitiire because of the immaturity of the appli- 
cations and the standard* as well as the difficuhy of RF 
integration at 5 GHz. Uliile discrete RF devices using 
circuit techniques similar lo Example I are theoretically 

possible at 5 GHz. the development liine and engineering 
resources reqiureti would be huge for a complex s>^leni 
such as a Mgh-data-ratc tireless LAN. Hie best aitemative 
by far is to use RFIC building blocks. HP maniifactin"es 
numy different biiilding-bhx^k RFICs using both BOSAT 
{silicon bipohu") and PHEMT (gallium arsenide) technolo- 
gies, hi general, these products are a\^ailable in tiny siuface 
mount plastic packages such as SOT-3ft3, MS()P-iO and 
SSOP-16. The building blocks are usually one-fimction or 
two-fmicdon devices that have a wide range of uses and 
can be easily matched without stabiEty (problems. 

An example of a 5-GHz wireless LAN RF Iront end running 
completely from a single supply voltage of 'lOV (a single 
Utliitmi-ion ceO j is shown in Figure 3. Tliis block diagram 
can be implemented completely using low-cost, single- 
f miction RF building blocks as denoted by the HP part 
nmnbers in Figure 3, The choice of 948 MHz as a first IF 
is not accidental. Most proposals fortius 5.15-to-5J35-GHz 
hmui have wide chamieis ranging from 10 to 25 MHz. At 
948 MHz, two very higti-\'olume off-the-shelf SAW (surface 
acoustic w^ave) Alters that cotilti l)e used as channel Illters 
for this application are the 035-to-960-MIIz GSM receive 
tiller 01^ the 940-to-956'MHz PUC transmit fdter There are 
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a numbpr of highly integrated GSM receiver RFICs avail- 
ablcj and these could be leveraged to rninijnize design 
effort. Also, a variety of transmit solutions are possible, 
including, for example, the HPMX-2007 vector modulator 
and upconverter. 

In Figure 3, the uommaliy 4^0()-MHz fn st IX) is generated 
by frequency doubling a 2150-MHz VCO. The doubler is mi 
ISOSAT sihcon bipolar RF building block, the IAM-10010, 
which can also be used as an opconveiler at 5 Gllz in the 
transinit chain. The channel synthesizer for the noniinaUy 
2150-MHz LO can be implemented in niaiiy ways, includ- 
ing, for example, a low-cost prescaler and the HPLL-800T 
The output power amplifier in this example is the 
MGA-83563, which is a fully monolithic, Lwo-sLage 
PHEMT power HFIC usable to 6 GHz with 200-niW output 
power matched into 50 ohms. On tlie receive side, the 
MGA-855G3 (another PHEMT RFIC) is used as the iow- 
noi.se amplifier for its < 2-dB noise tigure and exceUenL 
matc*hing even at these liigii frequencies, Tlie IAM-91563 
dov^iTconveiter is also a PHEMT RFIC and is ideal Ibr this 
application because of its 10-dB SSB noise ligure and liigh 
IF bandwidth h\cluding ctmversion gain into 50 oluny. 
The vei-satiie MGA-855tK3, althongli nommally a low-noise 
aniplifier, is also used in three other blocks in Figure 3 as 
an LO bidler unti transmit driver. 

At first glance, the use of eight separate RF building 
blocks at 5 GHz in Figure 3 to provide the functionality 
of twf) highly integrated RFICs at 2.4 (tHz in Figure 2 
may seem to mcrease the size of the solution astrononii- 
(^aliy. However, it is unpoiiant to note the extremely small 
physical size of these RF building blocks. The lAM-IOOlO 
is housed in a tiny MSOP-10 package, which requires less 
than 50% of tlie ^uea of the industi^^-standai'd SOIC-S. The 
MGA^3563, MGA^855f>i, and IAM-915(i3 ai^e ah hoiised in 
the ultrammiaturc SOT-363 package (or 64ead SC-70), 
wliich is actually :i(M smaller than tlie industry-standard 
SOT-23 transistor package. In addition, s€*[)arate RF build- 
ing blocks often provide much better board layout flexi- 
bility for filter placement than do highly integrated RFICs. 
A sumnuiiy of some key performcUicc pirrameters for the 
blc3crk diagram of Figure 3 is given in Table IV. 

Future Technology Trends 

A key trend is the growing prohferation of incompatible 
data conunmiications services. Data commmiications is 
being provided by paging, shoit- messaging services, data 
comiections tliiough celhilar systems, wiieless in-building 



Table IV 




Summmy of5-GHz Wireless LAN 




IJp/BotvnconverteT Performance 




Supply Voltage 


3V 


Receive Mode Gmrrent 


70 mA 


Transmit Mode Ciurent 


250 mA 


Frequency Band 5. 1 


5 to 5.35 GHz 


Transmit Power 


100 mW 


Receiver Noise Figiue 


< 10 dB 


Receiver Input Tliird- 




Order Intercept (UP3) 


- 10 dBm 


Board Area 


20 cm^ 



LANs, anil fixed sateOite systems. Services that are jusl 
becoming available include mobile satellite sysLemSj vs.n\\- 
miinity wireless networks, and wireless multimedia net- 
w^orks. This prohferation of conunmucatioiis stanrlards is 
occurring in the U.S. cellular indiistiy as well. The new^ 
Personal Gommunications Services (PC'S J bands are 
being populated with at least four different digital com- 
munications stLmdrnds. and t^ompatibility vvith the exist- 
ing analog standard will be desired as well. A teclniical 
challenge, but one many consumer's request, is to build a 
smgle radio that is flexible enough to be used for many of 
tliese nudtiple applications. 

Another mg,ior trei\d arises from the demand for higher 
bit rates, which requue Lhc allocation of larger blocks of 
spectiimr Such expansive swaths of bandwidth ai^e only 
available at higher frequencies. For example, the LLS. 
FL)Q has recently reallot!ated 300 MHz of bandwidth to 
milicensed data communications at 5 GHz, and has 
akeady approved 5 Gllz of spectnun at 60 GHz for mi- 
licensed data conmiuni cations. One advantage of using 
liigher Iretiuent ies is a reduction of the size of ai\ antenniiL 
However, creating circuits that operate at such high fre- 
qucmties requires improved design teciuiiques and higher- 
performmice devices. 

Presently, cellular telephones are made from hundreds of 
components aiisembled on high-quality printed circuit 
boards. Whilc^ the integration level of microprocessors 
has grown exponentially, the very high performance 
requu'enients of radio conimimicaiions has slowed efforts 
toward integration. However, as low-cost tecimologies 
with high integration capabLhties gain greater perfor- 
mance, the abilit>' to integrate radios mcreases. Aii ob- 
vious example is die HPMX-5001 fioni liie wiix4ess LAN 
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Figure 4 

Direct-comersion homodynB rBC&ivBr archkecture^ 
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of Extmiple 2 at 2.4 GHz. This one RFIC leplaces several 
building-block-level RFICs or dozens of discrete coinpo- 
oents. However, CMOS, with its tremendous scale of intc»- 
gration ca]>abilities and rapidly improving performance, 
offei^s the potential lor siibstmitial increases in radio inte- 
gration. Research at universities hyi>othesizes that it may 
someday be possible to put a complete radio on a single 
IC with ver>'^ lew cxtemaj components, at least for fairly 
simple systems such as ISM-band wireless LANs. The size 
reduction, along with the ease of embedding such a one- 
chip radio, should enable the use of radios in palm-tops, 
Jap-tops, ajKl other computing appiiimces. Also, much 
of the cost of a radio is presently m liic discrete passive 
components, assemhly, and t<?st. 

In Exampies 2 and 3^ Figures 2 and 3 showed the block 
diagram of a traditional superheterodyne radio. This 
archito< f ure has l>een uscti in viilually eveiy commercial 
radio for the past 50 years. The great advantage of this 
technique is that the filtering to select the desired chamiel 
cMui be done in stages at conveniently located tbced 
frequencies- 

Unfortimately, the filters shown in tiie heterodyne radio 
architecture are very difficult to implement on an u\te- 
grated cut-uit. Precise high-performance filtering can be 
performed on an K\ bin only al low frequencies- A nmu- 
ber of techniques, which have been known for years but 
rarely used» are being reexamined to solve tliis problem. 
Figure 4 shows an implementation of a direct-conversion 
(or homodyne) radio. In (his mx-hiteciiu^e the c:ai*rier fre- 
quency is inmiediateiy converted to a very low frequency 
where it can he f ilteretl and digitized with great precision 
by on-chiii circuitry There aj'e several seriuus tlrawhacks 



to this approach, many related to the very high d^Tianuc 
range required l>y radios in a naturally interference-prone 
emironinent. Solving these drawbacks will require hnHier 
research, but the new^ design possibilities available in 
monolithic integi^ation could provide possible solutions. 

Figure 4 also raises the issue of digital versus analog pro- 
cessing. Presently, most radios convert the signal into the 
digital domain cmiy jifter extensive processing in tiie ana- 
log domain. All filtering, gain control, and demoriidation 
are perftinned in the analog domain. Tills approatii has 
been mandated by the gi^eat precision and relatively high 
speed required for these functions. 

However, as ( 'MOS technology' has progressed, the ability 
to do digital t^omputations has grcmm necirly exjioneoticiliy. 
It is now possible to perform digital operations to accom- 
plish what has been done with analog filters at compara* 
ble p*jwcr dissipation levels. The advantages of digital 
processing are many. Dlgittd circuits c:an be designed 
more rapidly and verified more accurately Digital circuits 
operate extremely reliably They cwe less sensitive to tem- 
perature, powder supply and processing variatif>ns. and do 
not need tuning or atljastmem . 

Perhaps most important, the move to more digital pro- 
cessing simplifies attempts to provide flexible radios for 
niultiple apphcations. For examjjle, if the final chaimel 
tillering IS performed in the tiigital tloinaiii, it Ls much sim- 
pler to adapf to tiie riifferent cliamu^l ij^uidwirhhs that iire 
required for various appljcations. SimiUnly diffcR^nt modu- 
lation fonnats can be t Jecorlerl l)y a simple change in the 
programming of the digit td part. Such wide-ranging flexi- 
bihty (cotLsider switching from a 30-kHz-wide channel for 
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data on U.S. reUular bands to 1-MlIz rhMnnels for dat^ on 
the U.S. ISM bai\ds) is veiy difficult for analog filters. 

In 1 ht' long term, tl\e abiHtj^ of high-perfonnanc*e CMOS to 
alter the boundary bctwtH?ii traditional analog circuitry 
and digital processmg will have a profound effect on RF 
products independent of the tremendous potential for 
CMOS as an RF analog de\ice. 



Conclusion 



Rapidly evohing system standards and applications are 
now placing even more demands upon the RF semi con- 
ductor manufacturer. As standards stabilize, more semi- 
conduc^tor manufacturers will produce highly si>ecitic and 
optimizefl i^FlC solutions for specific gro^t^h segments 
including wireless data tenninals. 

Cus tamers incieasingly demand easy-to-use RF solutions 
that are available from a reduced set of vendors. This 
is especially tnie in the area of wireless data as non- 
traditional RF customers add connecthitj" to their end- 
products to increase the utility of these products. These 



customers desire component solutions that allow quick 
entiy into the market willi minimmn risk. 

Active RF components will continue to absorb function- 
ality that was previously uuxjiemented with p^issive RF 
components. This provides benefits in the areas of cost, 
size, and weight. HP has already introducefl silicon bi- 
polar products that include on-chip bandpass filtering, 
on-clup Schottky diodes in a mixer configuration, and 
read ive elements for output stage matching. 

Despite its relatively smaU majket size in 1.997, increased 
attf^ntion and resources are being rlevoted to the wireless 
data market l)y RF component manufacturers, who are 
betting on the emergence of widely used applications, 
adoption of interopei'ability standai ds, and installation of 
inirastructure so that tiiis market can grow in accordance 
with explosive forecast projections. 
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To ensure high performance of MODFETs used in HP's high-speed 
communications applications, their high-frequency signal, noise, 
and power characteristics must be optimized. 



H 



.ewiett-Packard has developed an ultiafast III-V (AlInAs/GalnAs/GaAs) 
modulation-doped field-effect transistor (MODFET) technology for use in 
high-speed Tnonolitliic iiiicrowave integrated circuits (MMICs). Applications 
for these devices include: 

■ Wireless millimeter-wave coinmunicaiions 

■ Fiber-radio personal conimunications systems 

■ AutomobUe collision-avoidance radar 

■ Optical fiber and low-noise direct, broatlciist satellite (DBSJ comaiunicaUoiis 
receivers- 

This article provides a summary of the de\ice physics necessai*y to optimize 
tlie high-frequency signal and noise characteristics, semiconductor material, 
and output-signal power of MODFET^. It: also discusses the material, processes, 
devices, and circuits developed and optimized at HP Laboratories for 
peiformance and manufactiuability. We conclude with a discussion on process 
developments at HP's Communication Semiconductor Solutioas Division and 
Microwave Technology Division. 

Figures 1 and 2 are examples of circuits that have been fabricair^l with the 
MMIC process. 
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Figure 1 

(a) Three-stage feedback MMIC amplifiec and (b) its V-tand frequency response. The traces correspond to different circwttoca- 
tions on the 2-inch wafer. 
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To address the growing handset power amplifier needs for the emerging 
Personal Communications Services (PCS) markets, a 3-volt, single-supply, 
enhancement-mode pseudomorphic high-electron-mobility transistor (E-PHEMT) 
has been developed. The device exhibits -f- 33-dBm output power and 65% 
drain efficiency at 1.88 GHz. 



E 



. CS telephone handset maniifactm-ers have Imd to face some tough choices 
to find the most suitable technology for their output power amplifiers. Most 
manufacturers would prefer to use an amplifier tiiat operates on the 3.0V to 
3,6V provided by three nickel-cadmium battery cells or one lithimiMDn battery 
cell 

However, GaAs MESFETs (metal-semiconductor field effect transistor) or 
PHEMTs (pseudomorphic high-electron-mobility transiston?) capable of 
meeting tliis need have also required an additional negative voltage supply for 
proper biasing. Alternatively, a manufacturer could choose a single-supply 
amplifier using silicon bipolar junction transistors, GaAs heterojunction bipolar 
transistors, or silicon MOSFETs (metal-oxide-semiconductor field effect 
transistors). These devices tyjjically rtHiuire a supply voltage aromtd 4.8V, and 
to use them the manufacturer would have to raise the batter^' voltage or use a 
dc-to-dc converter All of these approaches have efficiency size, complexity or 
cost trade-offs that manufacturei"s would prefer not to accept if a better de\ice 
teclmology were available. 

To address tliis need, an enhancement-mode PHEMT (E-PHEMT) has been 
developed that provides excellent performance using a smgle 3V supply In 
this paper, the origmal enhancement-mode teclmology development by HP 
Laboratories is presented, followed by device development work performed 
at the HP Communication Semiconductor Solutions Division (CSSD), RF 
perrormaiu'c results of both a process control uionitor de\ice and a 12-mm gaie 
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periphery device sre clistnased, and a comparison of 
E-PHEMT pGif omiance with othei' device Lc»t*hnologies 
tiJgldigliLs the merits of this teclmology. Preiiminai^^ de- 
vice reliability and qiiaiili cation test results are presented, 
and test residts from a iow-cc^st, plastic packaged, 12-nmi 
gate peripheiy transits tor aie cUsciissed. 

Oevelopinent at HP Laboratortes 

HP Laboratories has l}een developing an oiihajiceTnent- 
mode iield effect transistor (EFET ) to iniiirove the speed 
of driver devices in enhancement/depletion-type digital 
circ-uitiy. Tins t>pe of device offers tv^^o special benefits in 
handset power aiuplilier circuitry. Fii'stly, an EFET only 
requii^es positive bias voltage, and can be turned off with 
zero volts on the gate, but conducts current with positive 
voltage applied to the gate. Since the drain of a PHEMT 
is iilHO biased with positive voltage, eliminating the need 
for negative gate voltage (required for the conventional 
depletion-mode PET, or DFET) w^ould simplify the opera- 
tion of the PHEMT. 

Secondly, because of the requirenieiit to deliver maximum 
cun'ent over a small gate voltage swing ( ~ 1 volt), a cor- 
rectly designed EFET inherently has higher ti'ansconduct- 
^t^P (^nt). and, more important for class-B power FET 





Figure 1 

Schematic diagram of the MBE iayer srructurB of the 
enhancement-mode PHEMT 
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ipSiiiQn, better g^i Unearity than a conventional DFET. 
The HP Laboratories' apijroac^h employs moleculai^ beam 
exyitaxy (MBE) to place a higlily doped, thin electron 
donor layer close to the gate, with the electron donoi's on 
both sides of the Ino.2G."i|)^\s cbannef Highly selective 
reactive ion etcMng is used to define tlie vertical position 
of tlie Schottky gate. Figure 1 is a schematic diagram 
of the MBE layer structure of the enliancement mode 
PHEMT. ^ 

Table I sminnaiizes the key characterislics of HP Labora- 
tories' enhancement-mode self-aligned contact (SAC) 
FllEMT. An impoitant point is that the maximimi current 
achieved is no less than that of shnilarly fabricated deple- 
tion-mode PHEMTs, and is fai* higher than that of typical 
MESFETs. 



Table 1 










Key CkaracieHstics of HP Laboratories* E- 


PHEMT 


Parameter 


Unit 


Conditions 


Typical 
Wafer 
Mean 


Typfcal 
Wafer 


Tlireshold 
Voltage 


V 


Vd = 2V 


0.06 


0.04 


Maxiniinn 


mS/mm 


V,i-2V 


708 


57 


TV^mscoii- 
duclani:e 










Maximum 

Drain 

Cnirent 


mA/jum 


ig<100 
n\A/nim 


515 


36 


fT 


GHz 


optimnni 


60 




liiTiiJC 


GPlz 


optinmm 


120 





To explore Ihc^ i^otential of HP ijaboratories' enhance- 
nicnl-modi^ SAC PHP^MT as a handset power de\ice, a 
large-signal model was extracted from lOO-^tm gate width 
de\ices. An extensive HP Microwave Design System simu- 
lation was performed for both aivAkyg and tligital handset 
applications. Tkble II sunmiarizes the sinndated results 
for both two-tone input (digital modulation) and one-tone 
input (analog modulation). 



Februify 1998 • The Hewletl-Packard Journal 



o 

)Copr. 1949-1998 Hewlett-Packard Co. 



Piiuer Peifommnce o/EMode SACPHEMT 



Parameter* 

2-Toiie Power Out 

Power-Added Effi 
ciency @ 28.5 dBni 

G^ii@28.DdBTn 

IM3@2a5dBni^ 

IM5@28.5dBm** 

IM7@28JdBni** 

1-Tonc Power Out 

Power-Added Effi- 
ciency @ 3L5 dBm 

Gain @ 31.5 dBm 

Quiescent Gurrent 

Gate Width 





Specift- 


Simulation 


Ur?Et 


cation 


Results 


dBm 


2S.5 


28.5 


% 


>m 


^ 


dB 


>15 


lae 


dBc 


<-26 


-40 


dBc 


<-36 


-37 


dBc 


< -45 


-45 


dSni 


31-5 


31.5 


% 


>60 


71.6 


dB 


>15 


19.5 


IIL^ 




145 


nmi 




8J 



" Test Condition- 90€ UHi and Vd = 3\/ 

•• tmermodutatJon (fM) d JsiDrtiofts have been calculated fortwa tones spaced by 

The veiy encouraging simulated results prompted the 
HP Communication Seniicondiictor Solutions Division 
(CSvSD) to Further cxaTnine IIP Lahoratoiies enhance- 
mem -mode SAt" PHEMX LoadiHill mcasurenients al 
2 GHz perlbrnied on 100-i.uii gate width devices indicated 
13.4'dBni (219-niW/niin) i)owTr, 19.4-dB mn and 75.^ 
power-adtied crriclency at V\| - 3 voUs. Since these 
reisuhs exceetied tht* miticipaled product specifications 
by significant margins, a strategy was fomiulated to make 
availahle a Ih-ftt-geneiatifm product based on a simpler, 
nonself-aligned t)rocess. 

Figure 2 shows the power performance at 2 GHz ol' 
200-ttm gate width DFETs and EFETs fabricated at CSSD 
witli a nonself-iiligned process. Although the performance 
was not as good ^is HP Lai lorato ties* self-aHgnc^rl FETs, 
the 223-mW/nnii saturateci poW(*r and 66% power-added 
efficiency exhibited by these devices at V^j - 3 volts are 
still state-of-the-art. Figure 2 also clearly est aij lis hes tht* 
supeiior gjiin and efticieucy of EFET^ compared to DFETs 
at lo^v uiput power. 

Tlte power nieasurements taken on EFET^ and DFETs, 
which are processed thi^ smne way* also dispell another 
concern of employing EF^ETfe for power amplification: 



that EFETs will draw^ imiisually large gate leakage current 
in power saturation. From the load-pull measurements 
done for tiie data shown m Figure 2, ilie quiescent gate 
leakage current at S-dB gain compression is positive and 
< 1 ulA. for the EFET, and is negative and < 1 mA for the 
DFET. 

With the groundw ork ai HP Laboratories clarifying the 
potential of an enhancement-mode power PHEMT. a 
project was iaimched at CSSD and the results from that 
project are described in the remainder of tliis article. 

Development at CSSD 

For the 3-volt, enliancement-mode, high-gain powder tran- 
sistor, one has to investigate candidate de\1ces to deter- 
mine their potential for low knee (satiu^ation j %^oltage, 
high transconductance at low* quiescent current, and high 
cunent siip[>ly capability. High tiansconductance at low 
cunent gives better 1 inequity \N'hen the device is operated 
at low current.s in high-hnearit>^ applications, and high 
current capability leads to better power cmtput . The 3-volt 
operation favni's PHEMTs because the PHEMT drain cur- 
rent saturates at very^ low voltages (low knee voltage). 
Tlus allows greater dynamic voltage swing. In addition, 
the liigh electrfju mol>ility of PHEMTs provirles high gain 
<md high cnrrenL Pseud(jiuori:tJiic HEMTs are fabricated 
on GaAs substi^ates tising MBE. 

Discrete devices were fabricated with several different 
MBE material profiles. To evaluate these devices* on- 
wafer small-signed data mid load-pull data was rollecled 



Figm-e 2 

Comparison of the power performance of EFETs and DFETs. 
Gates are 2QQ_n m wide and 0.2 am long. Gales and contacts 
are not seff-afigned to each other 
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on small de\dces, while RF circuit evaliiaHon was done on 
large devices of l2-mn^ total gate peripliery. The qidck 
turaaround of the on-wafer nieasurements speeded itie 
optimization of MBE material structures. Circmt evalua- 
tion and load-pull data on 12-mni devices further vali- 
dated the small-signal resuh.s. CSSD s iriiplementation 
of the material structure from HP laboratories (the 
enhancement-motk^ PliP^MT originally for digital appUca- 
tlons) mitiaily showed poor peribiTnance. iVfter material 
growtli optimization with the help of HP Laboraujries, 
performance improved dramatically and a fiiiai stnicture 
was adopted for tlie project. 

This demonstrates the problems tliat caii occ-tir in tech- 
nology transfer, since tlie luateri^d gr(>T^\'t]\ j^md processing 
conditions used at HP Laboratories needed to be adapted 
and modifieti to nin on the different equipment and pro- 
cesses used at CS^D. Through close collaboration with 
HP Laborat(jries, high-fiuality E-PHEMT epitaxial material 
is now routinely growr^ at CSSD. Wafer processing was 
refined and adapted to the standard PHEMT process used 
in the ( 'SSD GaAs fabrication facillLy. 

Device Layout 

Key factors that determine the best device layout are total 
cunent capabihty, fi'equency resijonse, cost, tliemia] dis- 
sipation, and specific performance requirements. A power 
transistor consists of an array of interdigitated source and 
drain pads separated by giite fingers, essentially a combi- 
nation of small Luiit c:elLs. The total current available is 
determined by the product of tlie number of fingers and 
the width of each finger. Tlie cun ent capabiit>' of a 
PHEMT also varies with the material stiiictme, and the 
goal is to have the current necessaiy for a specified power 
output in the smallest de\ice possible. To evaluate de\dce 
layout trade-offs, a mask was generated with eight devices 
having different geometries. 

For better response at higher frequencies^ the width of 
the individual fingers of the transistor needs to be smaller 
Finger widths range ircmi 200 to 400 uni for the eight 
devices. The voider the fingers, the more symmetric ilie 
device aspect ratio, the better the real estate utilizaiion, 
hence the lower the device cost, a typical trade-oO" of cost 
versus peiformance. On a microwave transistor, the bond- 
ing pads often occupy liafi' Ihe tie\ice. On this mask set, 
the cost of some devices was reduced by havdng separate 
narrow source btjoding pads instead of a large conveii- 
lional one-piece soin"ce pad siuToonding all the gate pads. 



Within each device, in addition to the gate finger ^-vidth, 
tiie gate length (the nanow dimension of the gate) sets 
the upi)er limit of the fiequency of operation. For the 
PCS/PCN frequency bands, 0.5~um gale lengtii is suitable, 
and has been adopted m the present project- 
Fa brie ati on Process 

The wafer processing uses ihe standard CSSD PHEMT 
process. Fabrication of an enhancement-mode PHFIMT 
requires some prc^^aution. The gate metal needs to be 
placed just on top of the upper undoped AlGaAs layer to 
achieve zejo-volt threshold operation, Since the tictive 
channel of the device hes veiy close to tlie exijosed top 
surface, inadvertent exposure to some chemical solutions 
during pioc*essing can erode the chtumel, resulting in ncjn- 
unifonnity nnd current loss. With conventional chemical 
wet elching (jf 10-nanometer-t.hic^k layers, nonimifomiity 
is inevitable. Fortunately, the composition of the different 
layers lends itself to a selective plasma reactive ion etch- 
ing process that is self-stopping at ti\e top AlGa^^s layer. 

After isf)lating the active area of the transistor with pro- 
ton implantation, ohmic contacts to the source and drain 
pads are deposited. Then the gate opening is delineated in 
photoresist and the wafer placed in a reactive ion etcher 
to remove the top GaAs layer fiom the gate openhig re- 
gion. Immediately afterwards, multOayer metal is evapo- 
rateci onto the wafer to form the gate electrode. Exi^ess 
metal is lifted off by removing the photoresisi in solvent. 
Wafer passivation is acliieved using plasma sificon nitride. 
A final gold plating step forms the ''air-bridge" intejcon- 
necl metal (second metal), wiiich links the individual 
fingers of tlie transistor array thrcuigh bridges aix'hing 
over bus bars imdemeatii. 

PrDca&s Control Monitor Device Perf orinance 

The current'Voltage (1-V) characteristics of a GO-fim 
(Lg = 0.5 ^m), double-doped E-PHEMT process control 
monitor device are shown in Figure 3. 

Typical dc restdts are as ftjOows. The drain-source satura- 
tion current density ( Idss) measured at V^^g — '^ volts is less 
than 10 mA/nmi. The maximum drain current density 
(ImaxJs measured at Vg^ = 0.8 volts and Vft^^-j volts is 
greater than ^300 m.A/nim. The m^ufimum ti^anscondnct- 
ance (gj^J is greater than 370 mS/mm. The gate-to-drain 
breakdown voltage (BVg^j^^) measured at a gate current of 
0*5 iiLtVmni is more than 10 volts. Tliie pinch-off voltage 
(Vp) nieiisured at Y^^^ = 2 volts and drain ciuTeot density of 
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Figures 

The f-V chBractenstics of a ^-^tm process control monitor 
devicB. 

¥„= aw 

3oa- 
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2 niA/mm, is volte. The kiiee v^oltage, defined as die? 
drain-source bias when the drain-source cturetit density 
becomes 200 niA/mm with V^^^ equal to 0.8 volt, is 0.3 volt. 
Tlie on-resistaiK^e, measured at Vg^ = 0,8 volt, is 1 .5 ohnis- 
itiin. 

Tlie small-signal parameters of the 60^mjti de%dces were 
measured on-wafer using an HP 85 IOC automatic network 
analyzer B^xserl on the s-paianieter results, the miity- 
c-iin*c^iit-gaiii Irequeucy (fr) for Vi*jH = 3 voltes tUid [,\^ = 2il niA 
is cdculaled to be 36 GHz. The maximum available gain/ 
maximum stable gain at 2 GHz is 22 dB mider the same 
liias condition, 

The large-signal perfomiance of the process control moni- 
tor devices was also monitoi'ed (jii-wafci^ using an auto- 
matic load-pull system. The large-signal c:haracteristics 
were meiisured at \\|s = 3 volts and I^js^^-f^ »^^^- With fixed 
inptit power, the system sets the input ijnpedance to pro- 
\itle nuixinuun small-signal gain, and then tunes the load 
impedance for maximum gain, maxim mu power, and 
maxinnmi efficiency. 

The ]jower saturatir Jii chmact eristics for a 300-imi device 
undei the maxinuim <iutput ptnver tmiiiig are shown in 
Figure 4, The de\ice exhibited an output power of 
16,4 dBm at tlie ;^dB gain compression pomt wilh 3-volt 
bias at 2 GHz, corresponding to a powTr density of 
140 niW/mm. In addition, the device demon.strated a satn- 
vaUk] output power of IB dBm^ power-added efficienc y of 
6(M, and power gaiji o( 1-i tlB, which corresponds to a 
power density of 210 mW/mm. 



Figure 4 

The power saturation charactBfistics of the BOOnim 
process controt monitor device at 3 yoits and 2 GHz 
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12-mm Device Performance 

The next step in the E-PHEJMT development project was 
to measiu'e tiie perfomiance of a large device that could 
actually be iLsed as the outptit stage in a PCS telephone. 
The powder device used for Oils evaluation was a 0-5-|,im 
gate length and 12-mm C330-fim x 36-finger) gate periphery 
E-PHEMT The layout of the device is shown in Figure 5. 

The power performance of the 12-mm E-PHEMT was 
measured with a drain bii^ of 3 volts and a quiescent 
drain current of UIO mA (Vgs= +23 mV) at L8 GHz, To 



FiguiK? 6 

The layout of a I2~mm power device. 
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Figure 6 

A \2-mm device mounted on a microprobing test fixture used 
m the on-wefer active foad-puli system. 







liup 
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improve yield and ic^ince cost, the wafer was lapped to a 
Ikitkiu^ss of (J. 1104 iiic'li with no \ia grounding. Tlie device 
vfc^as then eutectically mounted onto a metal carrier, and 
two c-ertimic probe adapters, wiiicli pro\ide the coj^lajiai- 
to-niicrostrip tiansiti<:>n, were placed al U\e input and out- 
put of the device (Figure 6). Bond wkes were used to 
connect the gate and drain metallization to the adapter 
niicrostrip. Several bond wiiey were tdso lionded down 
from the source pads to tlu> gicmnd metallization to 
ensure low groimd inductanc:e. 

The power characteristics were measured using a vector- 
connected, active load-pull system-- Tlie use of an active 
load-pull system ensm'es that stilTicic^iitly k)w impedance 
is presented to the device for optiu\^il performance. In 
addition, it also provides die cajiability to study the effects 
of hanuonic Uming on powcu- perfon nance. Figure 7 
shows the power satLuation characteiistif^s for the 12-mm 
device mider maxiruuiti-power tuning. Tlie results were 
obtained with both ftmdamentid and second-hamionic 
tuning. Tlie iniprt:)%^enic^nt in power-addecJ efficiency by 
ternunaling the second hannonics is about 4 to 6 peicent. 
Tlie i2-mm device achieved +33-dBm output power (cor- 
responding to a power dei^sity of 167 mW/mm), 14,7-dB 
power gain (2-dB gain comj^ression), and 65.4% power- 
added efficiency at 3 volts and I.S GHz, which is the 
liighest combined power performance ever reported at 
such a low bias voltage. 

State-of-the-Art Performance Comparison 

To benchmark the pedbniiaiice, the results obtained were 
compared vvitli se^'cral c^onipeting technologies used m 
siTTiilai' applications. The power performance (in terms of 



Figure 7 

Power saturation characteristics for the 12-mm device at 
3 voks and 13 GHz 
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the power density) of the E-PflE^fT was compaix^d with 
several st^il t^-of-liu^~ml , depk^tion-modt^ FllEMT de\1c;es 
operating in the 3-vnlt range (Figure 8). Several results 
were reported in the 900 MHz range. .41so. most of the 
depletion -mode de\ices reqidre dual supplies, as opposed 
to a single supply in our case. 

Table III compai'es HP's 12-mm E-PHEMT device perfor-^ 
mance witli high-perfonuance MESFETs, GajWAlGaAs 



Figiue 8 

Po wer p erforma ncs c ompa risen of stete-o f-th e-att 
PHEMTs in the 3 -volt range. 
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heterojunction bipolar transistors (HBTs), higli-perfor- 
nuance silicon bipolar junction transistors (KITs)* Si lateral- 
diffused metal-oxide-semiconduclor (LDMOS) devices, 
and SiGe HBTs, The ability to operate from a single power 
supply and demonstrated excellent power performance 
(battery-efficient} at low voltages make the E-PHOIT 
very suitable for power generation in portable wireless 
applications. 



Table 111 












Power Per/onnance Comparison for Cojupeling 
Technologies iji Poiiable Wireless Applicafkms 






Device 

Technology 


Frequency 
(GHz) 


Pout 

(dBm) 


Power- 
Added Effi- 
cienoy (%) 


(V) 




This Work 


L8 


33 


65.4 


3 




SiGe HBT' 


L9 


30 


44 


4.7 




Double-Poly 
SiBJT** 


1.8 


24 


60 


3.5 




Hi-Lo 
MESFET' 


0.9 


3L3 


68 


2.3 








MESFET, 2fo 
Tiiriingi^ 


0.93 


32.8 


71 


3.5 




GaAs/AlGaAs 
I HBT^i 


L9 


22.6 


69 


3 




GaAs/AlGaAs 
HBTI- 


L8B 


33 


70 


5 




BPLDi.) 
SAGPET*^^^ 


1.9 


24.7 


54 


3.3 




Delta-Doped 
MESFET" 


1.5 


30.4 


4S 


3.5 




SI LDMOS^^ 


0.85 


3L8 


f>r3 


5-8 





" BPLDD SAGFET = buried p- layer lightly doped drain seff-aiigned gate field effecl 
transistor 

Retiabilrtv 

Reliability studies have been performed (}n tievices from 
five separate wafer nu\s, Tlie initial i>un>o^5e of these stud- 
ies was to determine wh(:^tlier a 24ayer or 3-layef i^tissiva- 
tioti process sliould Ije applied. Stress-ii\duced changes in 
U (Vg = 0.75V) and BVgclo (Ig = 500 mA/nini) were exam- 
ined. Since thin is an enhancement-mode di>vict^ it is im- 
practical to use changes in loss as a failure piu^aiiieter, so 
Id (Vg= 0.75V) was selected. 



In a ^^layer SiNx passivated E-PHEMT. the lirst layer of 
SiNx IS plasma deposited immedialely after MBE. it is 
believed thai this step protects the surface of the wafer 
from contamination during processing. Any contamina- 
lion can create siuface states that pro\ide a leakage path 
betn'een the gate and drain fingers, thus increasing sheet 
resistance and eventually degrading BVgdo- The second 
layer of SiN^ is deposited after the formation of the ohmic 
contact metal on tiie source and drain. The final SiN^ pas- 
si^^ation Ls performed after gate metal Uftoff. The 2-layer 
passivated E-PHENlTs skip the fixst step. 

Table IV shows the change in BVgtio after greater than 
1000 hours of stress. All de\ices were electrically stressed 
at Ij^s = 50 ULVnun. V^ijj = 3V. In additioji to a less severe 
change in i^Vgj^j, the 34ayer devices also show less degra- 
dation at I<] O'gs - 0.6V) and g^^ ^jax^ ^ shown in Figures 
9a and 9b. 

Since tltis data indicates superior performance for a ;3-layer 
pi-ocess, <ill subsequent reUabiiitj^ tests have been per- 
formed using devices witli a 3-iayer passivation. 



Talile IV 

Degradation ofBY^jdo ^w ^- ^^'^^ S-Layer 
Passi/vaied E-PHEMTs 



2-Layer S\H^ Passivation 



channel ^ "J 


BVgd, (V) 
O-hr 


BVgda(V) 

1085-lir 


Percent 
Change 


175 


8.72 


7.71 


-ii.r>8 


200 


9.52 


7.92 


-16.80 


225 


9.31 


6.54 


-29.75 



3-Layer S\N^ Passivation 



■channel ( **) 

175 
200 
225 



BVgd, (V) 
0-hr 

9.66 

N/A 
9.1 



BVgdo(V) 
1181-hr 

10.22 

8.97 

9.12 



Percent 
Change 

5.79 
0.21 



O 
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Figure 9 

(a) l-V characteristics after 950 hours of stress for a davice with 2- layer passivation. Solid tines are for hours. /^/^ tOMV) 
3n^9n}fnBx degraded by 54% and 49%, respectively (b) l-V characteristics after 350 hours of stress for a device with 

3-iayer passivation. Solid lines are for hours. 1^^ (0.6) andg^^^^^ degraded by 42% and 27%, respectiveiy. 
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The change m s-paraineters during elf bum-in ha.s also 
been exaniinetl, as shcnvn in Figure 10. The filled fiata 
points are lor iioiiis, wiiil*^ the (>i}on data point-s? are after 
1709-hoiir bum-in. The resulte from tliis test are extremely 
enc'Qyragmg, in that S9i shows \irtii ally no change. The 
biggest change (average ^j-dB reduction) was seen in si2^ 
However, the sensithity of this measurement could 
account for this change. 

To date, the rehability tests have been preliniinary. For 
the technology t|Liali flea t ion, f liree rec;ent wafers, with %i) 
devices from eac!i wafer, will be dc stressed at 175'^C. 
200°C, and 225'^C. The parameters that will be monitored 
ai-e Id [Yg = 0.4) and BV^dj, (I^ = 500 ^A/mm). RF bum-in 
has also been phmiied, and additional tests to compare 
results betw^een 2-layer and 3-Iayer passivated devices 
will be done. 

Packaged Da vice Evaluation 

The low-cost plastic package chosen to evaluate the per- 
foiTuance of the E-PHEMT was mi IIP micro-small-outhne 
package OISOP) \\ ilti grounded backside. This package 



features an exi^osed die attach j>addle that can be sol- 
dered directly to the printed circuit boai'd tbr themial iuid 
electrical grovinding (Figure 11). 

The die attach |>addle is approxhiiately 0.040 inch wide by 
0.090 inch in lengtli, wliich is large enough to incorporate 
the lirst LC sections of the RF niatcliing atruclm'es. These 
matching iietw^orks consist of silicon MOS Ciipacilors at- 
tached to the patidle, resonated wiQi the device tirain and 
gate bond wires (see Figure 12 for a photograph of the 
stnictiire and Figure 13 for a sc^liematic diagram). Placing 
the capacitors inside the package on the groimded die 
attach paddle provides the shortest possible ground return 
path and minimizes parasitic inductive loss elements. 

Evaluatton Printed Circuit Board 

The matching networks contained within the package 
provide oidy partial matching for the de\ice gate and 
diaui. Additiontd niatcliing networks are required external 
to the package to match the input to 50 ohms and the out- 
put to the optimmn impedanc e for maximmn powder, iin- 
equity, or efficriency. The eviUuation printed cii'cuit boai'd 
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Figure 10 

IBW and 1709-hour s^param&ter data at 18 GHz^ showing the effect of burn-in. The channel temperatures were J75'Q 200' C, 

3nd22TC for devices 46^52, 53-59, and 60^6? respectively. Devices 68 and SB were controi devices. 
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HP l\/ISOP paekage top and bottom views. 
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Figure 12 

Internal bonding configuration of the E-PHEMTin the 
MSOP pacl^age. 
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Figure 13 

Sch&matic diagram of the packaged E-PHEMT evaluatm drcuil 
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(see Figure 14) provides pi-section matching networks 
on botli Uip input and output to achieve these goals, along 
with quail er-wavolengtli transmission line networks for 
gate and drain biasing. 

The complete schematic of the packaged device, external 
matching networks, and biasing networks is shown in 
Figure 13. 



Figure 14 

Prmted circuit board ussd to evaluate the packaaed 
E-FHEMl 




Performance 

Tlie following test conditions were used to characterize 
the ba.sic gain, power, and efficiency performance of tiie 
packaged E-PIIEMT: 

» Frequency = 1880 MHz 

■Vdd^ 3.0 volts 

■ Duty Cycle = 100% (QW) 

■ Ids (no signal) =^200 niA (set by adjusting a positive bias 
voltage at the gate). 

The measured small-signal gain was 12 dB. Measured out- 
put power was + 31.0 dBm at IkIB compression and better 
than + ;32.() dBm at :J^1B compression. At 'V2.Ay dBm, the 
power-added efricienc:y was 42 percent. The perlbrmance 
is summaiized in Figure 1 5. Note that for the power and 
efficiency im^asuremenLs, the matching network losses 
were not removed. 

In addition to the basic single-tone performance de- 
scribed above, PCS systems also require the handset 
power antplifier to meet certain linearity requirements to 
malntiiin low bit error rates in the transmitted signal. The 
retiuirements vary with the modulation Let hnique em- 
ployed. Table V summarizes the perfonnantie of the pack- 
aged E-PHEMT compared with thc^ requirements for tyi)i- 
cal CDMA and l^DMA PCS systems. Test conditions for 
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Figure 15 

Performance of the packaged E-PHEMTin the evaluation 
Circuit 




tliese mc^iLSurements were llu> same as Tor the preceding 
gaiii, power, and efficiency tests. A O.S-dB correction has 
been appUed to accoimt for the n:ieasiired output ciicui* 
matching loss. 



Table V 

Perfortname of Packaged HPE^FHEMT 
vei^uH PCS SyMem RequiremenLs 



PCS 



HP 



PCS 



HP 



Parameter 

Output Power 
(dBm) 

Efficiency (%) 

A^iacenl 
Channel 
Power (dBc) 



CDMA E-PHEMT TDMA E-PHEMT 

+ 2S.5 +28.4 +28.5 +28.5 



30 



-29 



33.6 



-31 



40 



-26 



43 



27 



Concluston 



Leveraging initial work at HP Laii oratories, an enliance- 
ment-mode PHEMT device technology has been devel- 
oped that otters excellent gain, power, and power-addod 
efficiency using a ;^V bias. l^imdainentiU elements of tliis 
new device technology include careful selection of MBE 
material structure, adaptation oi' HP Laboratories' fabrica- 
tion prot:ess to mesh with CSSD'k existing PHEMT pro- 
cess, and cle\1c c^ layout optinuzation to aciiieve the best 
overall measured perfomiance. Devices buMt usmg this 



new technology have demonstrated + 33-dBm output 
power with 65% power-added efficiency and 15-dB power 
gain when operated from a i^V supply Mt 1.8 GHz. Tliis 
compju-es very f^ivorably with the peif onnaiice that ciui 
be achieved using other device technologies, which 
require additiontil components like dc-to-dc converters 
or higher supply vohages. 

HP's nc^w E-PUEMT teclmology is veiy well-suited for use 
in power amplifiers for PC^S telephones. Using this tech- 
nology\ PCS power ampUfiers thai can operate from a 3V 
single supply with excellent perfonnance are now a reality. 
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Direct Broadcast Satellite Applications 



Shunfchiro Yajima 



Antoni C. Niedzwlecki 



Ono of the main reasons for the popularity of direct broadcast satellite (DBS) 
service is the small size of the parabolic dish antenna. The key to the small-size 
dish is a low-noise GaAs transistor used in the low-noise block of the DBS 
receiver system. One of HP's efforts in this area has been to develop an 
AllnAs/GalnAs device fabricated on a conventional GaAs substrate that has 
a lower noise figure, higher gain, and lower cost. 



T 
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-he first digital direct broadcast satellite (DBS) service stalled in June 1994. 
Today, DBS technology enables consumers to receive digitally modulated 
television signals direcdy from satellites. Consmners who bought digital satellite 
receivers are er\joymg excellent Mghnquahty pictures and more channel access. 
The dynamics of the DBS market are fueled by heavy competition between 
multiple DBS €)perators, who are motivated to provide better services and lower 
prices. This same competition also motivates receiver suppliers to reduce 
hardware costs. 

DBS systems are now spreadu\g at a rapid rate all over the world. Analog DBS 
systems have been very popular in Europe and Japan, with installations in 25 
million homes since 1984, Both of these areas of the world are now switching 
to digital systems. In the United States, five million subscribers have already 
installed digital small^dish satellite systems, and tlie market is stiU growing. 
DBS services are just starting to be implemented in Asia and Sondi America. 
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Figure 1 

A DBS fBCBiver system. 
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Low^ Noise Block 

A DBS receiver system consists of two main c-omponents: 
a parabolic dish antemia with a low-noise bloc:k (LNB) 
downconverter and a digital set-top box (see Fi^ore 1). 
The system receives digitally modulated video programs 
from high-powered Ku-band"^ transponders situated on 
satellites in a geosynchronous orbit (where the satellite 
is always in the same position relative to a position on 
earth). Using Ku-band carriers, the DBS syst.en\ requires 
a much smaller dish antenna (18 inciies or smaller) than 
C-band systems. 

A key device that enables the use of a small-size dish is a 
low-noise GaAs transistor in the low-noise block. Lowering 

• Ku-band broadcasts are beiwesn 1D.&5 GHz and 12.75 GHz. 



the noise figitre improves the carrier-to-noise ratio for a 
given size of dish antemia, while still maintaining the signal 
quality. Therefore, the liistoiy of developing low-noise 
block downconverters is the sanie as improving the noise 
figure of GaAs traitsistors. 

Typical GaAs FETs offered a noise figure of 1.2 dB to 
1.5 dB for the European and Japanese DBS systems in 
1985. Now, GaAs PHEMT (pseudomorphic high^electron- 
mobility iransistor) technology has been pushing the noise 
figure of commercial PllEMTs down to the 0.4 dB to 0.5 dB 
level at 12 GHz. Figure 2 show^s these perfonnance trends- 

A typical low-noise block consists of a two- or three-st^e 
low-noise ainphfier, a downconverter mixer, a local oscil- 
lator, and a two-st^ige IF amplifier (see Figure S). The 
first-stage low-noise amplifier sets the system noise figure. 
Therefore, the transistor with the low^est noise figiure 



Figure 3 

A DBS low-noise tiock downconverter 
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should be selected. The second and third stages should 
prcmde an appropriate gain as well as a suitable noise 
figure to meet the system specdi rations. Because of 
strong competitive pricing pressures, low-noise block 
manufacturers are forced to reduce costs each year, while 
at the same tinie in^prove perfonnance. Mort^ recently, 
a radio architecture has eliminated the third stage low- 
noise amplifier and using an active mixer has become the 
c]ptimal solution for low^ering cost. However, the noise 
figure and gain per stage in tlie low^-noise amplifier ciiain 
have become more critit^aL 

Moise Figure and Packaging 

GaAs transistor suppliers have been mnproving the noise 
figures every year by modifying the device struc-tiire and 
fine-tuning tlie lithograph technology. However, C^aAs 
material technology appears to be approachmg iLs limits. 
Although InP-based de%ices miglit be rcciuired for further 
noise-figure improvements, this technology has higlier 
costs. Conventional pa^rkages for these low-noise transis- 
tors are ceramic-based microstrip packages, and the cost 
of these ceramic packages appears to be approaching 
bottom. The obvious choice is a plastic package such as 
Uie SC70 (SOT-343). However, plastic material degrades 
the noise figure and the Gy (associated gain) at high fre- 
quencies. The plastic package must be designed to opti- 
mize microwave performance and keej) the cost low by 
using standard plastic package maimfactiuing processes. 
Manufacturmg capacity is an important consideration to 
ensure that the peak demand rate can be met. 



HP's sohition to this manufacturing concern is based on 
two research-and-development projects that have the 
following objectives: 

m Develop an AlInAs/GaTuAs device fabricated on a con- 
ventional GaAs water to acliieve a low^r noise figui'e 
and much higlier gain at lower cost 

■ Develcjp a surface mount plastic package optmiized for 
microwave frequency which is to be manufactured by 
standard molding processes aiul testeti by high-volume 
testers (see "^Packaging" next page). 

A transistor on the wafer made with the LGLTBL (llneariy 
graded low-temperature buffer layer) tecfmology typically 
pro\ides a 0.10- to 0J5-dB lower noise figure and a 2-dB 
liigher associated gain than die best GaAs PHEMT We 
have developed a device, whitrh is packaged in a plastic 
surikce-momit package, that, shows a noise figure of 
0.5 dB and a G^ of 1;15 dB. This noise figure is close to 
the top level, and the G^ is the highest on the perlbmiance 
mapping. 

A higher Ga effectively contributes to reducing the total 
system noise figure, especially for a two-stage iow^noise 
amplifier system (assuming that the tlmti^stage aniplificr 
is eliminated to keep costs dowm). In Uiis regard, HP pro- 
vides better performance at a lower cost for the emerging 
DBS market. Furthemiore, the high-vohime production 
will offer a low-cost manufacturing platform for future 
Ka-band and millimeter-wave applications. 

' Ka-band includes frequencies between IB and 31 GHi 
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Packaging 



At microwave frequencies, even a very well-designed and 
well-built package can have a detrimental effect on the per- 
formance of the semiconductor device it houses. On the other 
hand, a package makes the semiconductor device accessible 
and easier to handle, end provides some degree of mechanical 
and environmental protection. 

In the vyireless market the choice of a package is very impor- 
tant in terms of the cost and performance trade-offs that must 
be made for a specific semiconductor product. Ceramic pack- 
ages, which have been used in industry for years, are prohibi- 
tively expensive. There has been an increasing number of plas- 
tic packages used at RF and microwave frequencies over the 
past few years. Considerable effort is being invested in devel- 
oping electrical and thermal models of plastic packages. 

When choosing or designing a package for a semiconductor 

device, one must consider a number of factors. Package size 
affects not only the amount of required circuit-board space, 
but also parasitics that are associated with wire bonds and 
lead lengths. The sliape of the package body and the arrange^ 
ment of its leads determines how quickly and at what cost 
the finished product can be tested and packed for shipment. 
Finally, the package affects assembly choices customers must 
make to use the product. 

Hewlett-Packard's low-noise transistors tfiat are destined for 
direct broadcast satellites (DBS) and wireless communications 
markets are packaged in plastic packages belonging to the 
SC-70 family, which has body dimensions of 2 x 1 .3 x Q.9 mm. 
Six- and four-lead SC-70 configurations designated as SDT-3B3 
and SOT-343 are currently used for 12-GHz low-noise devices 
(See Fig, 1)- The SOT'363 package was built first and repre- 
sents a standard approach to the SC-70 type package design- 




This package is used for a wide range of RF products. 
The SOT-343 package was developed specifically for high- 
frequency, low-noise transistors. The leadframe design, lead- 
forming profile, and molding-compound selection were opti- 
mized to improve the high-frequency performance of the pack- 
age. The noise contribution of the SOT-343 package at 1 2 GHz 
is only half that of the SOT-363 package. 

Low-noise transistors in the SOT-363 and SOT-343 packages 
are tested on fully automated test systems. Each transistor is 
placed in a test circuit, and its input and output are loaded 
with specific impedances at the test frequency of 12 GHz. 
Moise figure, gain, and gate current are measured for each 
device. Special compliant contacts are used to achieve 
repeatable connections between transistors and test boards 
without causing package-lead distortions. 
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Pager Testing with a Specially Equipped 
Signal Generator 



Matthew W.Bellis 



This paper reviews current trends in the paging industry, describes typical pager 
designs, presents the test requirements of modern pagers, and discusses the 
contribution to pager testing of the HP 8648A signal generator with Option 1EP, 
the pager signaling option. 
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^oday tliere are over SS million subscribers of paging services throughout 
the world. By the year 2000, the number of subscribers is expected to grow 
to over 140 million. To meet this demand, pager manufacturers will need to 
produce over 30 million pagers per year. This makes pagers one of the leading 
RF devices in production today. 

The design and testing of pagers from concept to production requires 
sophisiticated test equipment. In addition to the tyi)ical RF measurements, a 
paging signal is required to test tlie finished product. This article will review 
modem paging formats, typical pager designs, and methods for testing pagers. 

Paging Review 

A paging network (see Figure 1} begins at the connection to the public 
switched network or telephone lines. The caller can initiate a page through 
voice mail or a paging operator, or can leave a message by enteriitg touchtones 
from a telephone. Pages are assembled in the paging terminal and sent to the 
network controller, where they are combined into batches based on their final 
destination. Bilhng and management are also controlled at this point. 

Many paging companies cover more than just one geographical area. For 
example, tlie company may serve an entire stale or even country. The network 
controller specifies the site controllers for which the batched messages are 
intended and sends them out. Each site, covering a particular geographical 
location, can contain one or more paging transmitters. Once the site controller 
receives the batch of pages, it uplinks them to the paging transmitters, which 



February 1998 • The Hewlett-Packard Journal I 



)Copr. 1949-1998 Hewlett-Packard Co. 



Figure 1 

A pdQfng network. 
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then traiisiBit. die batch of pages at the same time on tlie 
sanie frequency using a simulcast technique. Simulcast 
means that two or more transmitters at'e used to transmit 
identical information a! the same time. This allows the 
system to provide seamless coverage on a single frequency. 

Many different ts^pes of paging fonnats are currently in 
use. The most common and only worldwide standard at 
this time is POCSAG (Post OfTice Code Standaxdizatinn 
Advisory^ Group), also ]mowT\ as RPCl. The digital for- 
mats currently under development are FLEX (a Motorola 
trademark), ERMES (European Radio Message System), 
and FLEX-TD (RCR43). FLEX is receiving w^orldv^ide 
attention and has been iiupiemeuted in North .^uerica, 
China, Indonesia, Singapore, and Tliailand. ERMES is in- 
tended mainly for use in Europe. Japan has developed its 
own paging fonnat, FI.EX-TD, which is based on FLEX. 

T^ble I shows a comparison of some of the main charac- 
teristics of current paging formats. A bit more detail re- 
garding the protocol of each format is given m the follow- 
ing paragraphs. Probably the most important reason for 
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the creation of the newer digital formats is the ability to 
send more mf ormation, faster, to more people, 

POCSAG 

POCSAG, Post Office Code Standardization Advisory 
(iroup, is a digital paging scheme that was developed by 
British Telecom to provide a standard signaling format 
for the United Kingdom. POCSAG is the most common 
paging format, in use today. 

POCSAG is an asynclu'onous paging scheme with a 
preamble (see Figxire 2), Paging base stations transmit 
pages simultaneously within a service area. Messages are 
sent in batches and each pager address is located in a 
specific frame within a batch. Within the iLssigned frame, 
the pager will look for a message. Messages c:an exceed 
one frame, In which case the message is contuiued in the 
foUowiiig frame. Either five muneric or 2,8 alpha charac- 
ters can be sent in a message codeword. This means that 
for a numeric pager to receive a caller's iO-digit plione 
number, two message codewords must be sent following 
the pager's address codeword. 
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Table \ 

ChaTactenstics ofCuirenf Paging Formats 



ProtQcol 
POCSAG 

FLEX 
ReFLEX-25 



Data Hate (bits/s, Cbannel (kHz, 
forward/reverse} forward/reverse) 



240() 
6400 
6^4(H>/9600 



ReFLEX-50 6400/9600 
MXrEXion 6400/9600 
FLEX-TD 6400 



25 
25 

25/12,5 
50/12.5 
50/12.5 
25 



Modulation Tlmmg 

2-FSK AsynchrofioiLS 

2- or 4-FSK Synchronous 

2-or4-FSK Synchronous 

2- or 4-FSK Synchronous 

2- or 4-FSK Synchronous 

2- or 4-FSK Synchronous 



ERMES 
pACT 



6250 



4-FSK 



The pager, after detecting the preamble and synchronizing 
to the Iranie sync word, turns off its receiver circuits until 
the proper frame appears— this increases the life of the 
pager battery. POCSAG pagers support tone, numeric, and 
alphanumeric messages. Voice is not supporied- 

POCSAG uses frequency-shift keying (FSK), a simple 
form of digital modulation. PSK offers good noLse inmiu- 
nity and is inexpensive to generate. However, FSK is not 
suitable for high-data-rate transmission. 



Figure 2 

POCSAG paging format 
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Applications 

One-way 

One-way 

Two-way 

Two-way 

T^^o-way and voict^ messaging 

One-way Japanese version of 
FLEX 

One-way^ European standard 

Two-way 



Table II shows typical specifications for a POCSAG pager 
Tliese specifications are warranted by the manulactiirer 
and many are verified during pioduction of the pager 
Several of these specifications are indirectly verified or 
are verified by design. 



Table II 

Tifpical Sped ficatiom for a POCSAG Pager 



Code Fonnat 
Channel Spacing 
Frequency Deviation 
Paging Sensitivity 
Spurious and Image 
Rejection 
EL\ Selectivity 
Frequency Stability 
Power Consumption 

Batteiy life 



POCSAG 

25 kHz 

±4.5 klk 

5 [iV/m for 1200 bits/s 

60dBc 

65dBat ±25kH2 

±0.002% of reference 

3.75 mA (0.383 niA st^dby) 

lT)r 1200 bits/s 

> 2 1 00 houis (1200 bits/s) 



FLEX Famiry 

In many areas there is growing demand for increased 
capacity because cxistmg systenis ai'e reaching their max-^ 
unum capacity, Tlu^re is also a demand for more sopliisti- 
cated mes^saging capability. To meet this demand, Motorola 
introduced the FLEX family of paging protocols. Hie 
FLEX family consists of an enhanced one-way paging 
protocol, FLEXp and three two-w^ay paging protoccjls, 
ReFLEX-25, ReFLEX-50, and InFl.EXion. In addition to 



February ] 99a • The HewSetJ-faclord Journal 



)Copr. 1949-1998 Hewlett-Packard Co. 



twD-way n\essagmg, InFLEXioii also supports voice 
nie.ssagiiig. 

FLEX IS a .syndiroiious protocol that assigns pagers to 
franies (see Figure 3). Tliese Iraiiies occiu" at a rate ol 128 
even^' foLir minutes. One FLEX cycle rquaLs 128 fraities. 
There are 15 FLEX cycles per hour, Eat.'h pager is as- 
signed to look at a particular frame (or frames) witlmi a 
FLEX <:ycle. Upon power-on, thc^ pager synchronizes with 
I he FIjEX netwf)rk- During s>iTchronization, network lim- 
ing inforiaation is passed to the pager. The synchroniza- 
tion iiifomiation is used to determine the pager's assigned 
frames. Thereafter, the pager will only tnni on its receiver 
circiiitiy (iuring the assigned friimes. This feature of FLEX 
resuits in improved pager battel^ life since it eliminates 
the need for preamble detection. The frame assignmeni 
for a pager is configured in the pager or determined from 
infonnation within the paging signal. 

Each frame (Figure 4) is L875 seconds long aiid consists 
of a sync field and 1 1 blocks. Tlie sync information takes 
up 115 nis and is composed of tlu'ee parts- sync 1, frame 
inforaiation. and sync 2- The first tw^o parts aie always 
transmitted at 1600 bits/s using 2-level FSK. Sync 1 pro- 
vides timing iiiforniation and an indication of the speed 
t]f the rest of the frame. Tlie frame information word con- 
tains the frame number (0 to 127), tlie cycie number (0 to 
14), aaid other information. Sync 2 provides synchroniza- 
tion at the frame's block spred so the remainder of the 
frame can be properly decoded. 



The information that is transmitted within a FLEX frame 
is shown in Figure 4. The fields are not constrained by 
block tjoundaries. The fields that are transmitted in a 
frame are a block infomiation field, an address field, a 
vector field, a message field, and idle blocks. 

The block u\formation field is typically one word long and 
contains information that indic;ates wheie in the frame 
the address and vivctor fields start, frame information 
tVom the system as discussed above, and the number of 
priority addresses placed at the begmning of tlie address 
field. Priority addresses are assigned to pages with an 
urgent priority. 

The system collapse value is ;^lIso contained in the block 
infonnatioii field. The collapse concept enables service 
providers to better manage their paging networks. The 
pager's assigned frtmie is represented by a seven-bit word 
(any numl)er from zero to 127 cm\ be represented by a 
seven-bit binary word). The system collapse value, or 
collapse cycle, instnicts pagers to mask one or more 
of the address bits. For example, if the collapse cycle 
is set to three, the pager will mask all but the three least- 
significant bits of its assigned frame and the cnrrcnt 
frame being transmitted, ^^^cn the coilapse cycle is tliree, 
the pager will inonitor one out of eight frmnes instead of 
one out of 128 frames. Thus, the I28^frame cycle (2^) is 
collapsed to an eight-fi'ame cycle (2'^). hi addition to the 
system collapse cycle, the pager has a defaidt collapse 
cycle. During operat ion, the coliapse cycle in effect will 
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be the lesser of the system coJlapse cycle and the pager 
collapse cycle. 

Tlie address field contains addresses of the pagers tliat 
aie bemg paged during this fraine time, Tlie vector field 
has a one-to-one relationship with the addi^ess field, so 
the pager knows where to look for the vector. The vector 
points to the start word of the message aiid indicates the 
length of the message, again so the pager knows where its 
message ocxurs. The vector field also indicates ttie type 
of message. FLEX supports several types of messages 
(see Table III). The type of ntessage indicates how^ the 
hits within the message field should be grouped and 
decoded to recover the information being transmitted. 

The message field follows the vector field. Any unused 
blocks in a friune are filled with bits representing idle: 
alternating Is and Os at 1600 bits/s. At lugher speeds, the 
symbols, adjusted for the speed and modulation format, 
must represent that same pattern. 

The FLEX protocol can be transmitted at three different 
speeds: 1600, 3200, or 6400 bits per second. FLEX pagers 
can operate at any of the three speeds, FLEX pagers auto- 
matically decode the correct signaling speed based on 
infnrn\ation from the paging signal (located in the sync 
word)- 

FLEX uses two-level and four-level FSK to achieve the 
various data rates. Figure 5 indicates the frequejicy 
de\4ations and bit assignments. Foiur-level FSK, a more 
complex modulati(5n fomiat, enables FLEX to operate at 
higher data rates. 

Some typical test specificatioiLs are listed in Table IV. 
Many of these specifications are verified during produc- 
tion of the pagers or are verified by design. 

Typicai Pager Design 

Tlie Lop-level block diagram of a pager is fairly simple (see 
Figure 6). Pagers have receiving circuitiy; digital decod- 
ing circuitiy, and the devices that alert the subscriber and 
chsplay a message. 

The receiving section demodulates the data from the RF 
carrier and passes the data to the decoding section. Tlie 
decoder then looks at the data and decides whether the 
information bemg received is for the subscriber If so. that 
information is displayed on the pager and the subscriber 
is alerted by the selected means: beep, vibration, or flash- 
ing hgiit. 



Table Ul 

Common FLEX Message Types 



Vector Type 

Numeric Vector 



Numeric Vector with 
Format (Special) 



Alphanumeric Vector 



Hex/Binary Vector 



Numeric Vector witli 
Message Number 



Description 

The received message 
should be displayed as a 
mmiber 

Special fonnatthig should 
be apphed to the message. 
For example, the paen- 
theses and dashes nonnally 
displayed in a telephone 
number are added by the 
pager and not sent over the 
chatmel Tins saves one 
message word. 
The received message 
shonld be displayed as al- 
phanmneric. 

Starting with the third word 
in the message field, each 
foiu'-bit field represents one 
of sixteen combinations. 
This vector type is selected 
when transmitting Chinese 
characters. Several four-bit 
fields are combined to rep- 
resent a character. 
In addition to receiving a 
message, a number is as- 
signed to tlie transmitted 
message. Tlds mmiher can 
be used by the pager (or 
subscriber) to identi^^ 
missed messages. 



Table IV 

Typical Specif ications far a FLEX Pager 



Code Format 
Channel Spacing 
Frequency De\iation 
Paging Sensitivity 
Spurious and Image 

Rejection 
EIA Selectivity 
FYequency Stability 
Battery Life 



FLEX 

25 kHz 

±4.8 kHz 

20 ^iV/m for MOO bits/s 

50 dBc 

55dBat ±lDklh 
±0.02 ppm of reference 
> 10,000 hours (G400 bits/s) 
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Figure 5 

Two-ievei and four-tsvei frequency-shift keying (FSK) 
in the FLEX protocoL 



2-LevelFSK 

1 - Carrier + 4B0a Hz 
^ Camer - 4800 Hz 



+ 4 fl iiHz ri n 

Carrier 
-4.BNHZ 






1 


a 


1 


Q 


1 1 


a 


1 1 
























4 Level FSK 

to = Cam Br + 4800 Hz 

n = Carrier + 1600 Hz 

01 - Carrier - 16D0 Hz 

00 = Carrier - 4800 Hz 




Throughout the dt^sign process, testing of each section of 
the pager is required. In addition, designs must be able to 
withstand reasonable inanufactiirii\g tolerances and still 
meet specificatioTis. During production, testing is (ione 
primarily to ensure functional operation and compliance 
witlx sensitivity specifications. 

Most pager r^^ceivers are double-downconversion super- 
heterodyne receivers, as shown in Figure 7, A loop 
antenna is used to couple the mcoming RE The coupling 
iK primarily magnetic. The incoming RF signal is filtered 
to renujve unwanted out~of-band signals, Twci IF filters 
are employed, but the second IF filter often determines 
tlie selectivity of the receiver After the second IF filter, 
an FM detector extracts the FSK signal Ajt analog-to- 
digital converter (ADC) is used to convert the analog 
wavefonn to a series of digital words that are processed 
to recover the information. Often, the RF antenna, the 
preselector, the first mixer, and the first local oscillator 
(LO) contain variable components that must be ac^justed 
during prodnction. Components used after the first mixer 



Figure? 

DoublB-downconversIon supBrheterodyne pager receiver. 
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Figure fi 

Top-lBvei block diagram of a pager. 



Antenna 




Flashing 
tight 



are generally fixed (e.g., ceramic filters, demodulators) 
and do not require a4iustjnent. Most maimfacturing testing 
is done because of the at^ustable components tlmt are in 
the pager receiver section. 

This type of design produces highly sensitive pagers whose 
specifications can be maintained during high-volume pro- 
dntlion. However, high levels of integration are difficult 
to acideve with the above design. Recently, receiver archi- 
tectiu-es usmg image-reject mixers and threct downcon- 
veision have been introduced with peif ormauce equal to 
double-downconversion receivers- Because these designs 
use lewder filters, oscillators, and nuxers, higher levels of 
integration are more easily aclrieved, 

P^ger Testing with the HP 864aA Signal Generator 

The HP 8648A Option lEP synthesized signal generator 
incori:iorates the necessary protocol to test POCSAG, 
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FLEX, and FLEX-TD pagers. In adtlition, the HP 8648A 
includes an arbilrary iiiessage thai c:aii he used to emate 
nser^lefined POCSAG hursts or FLEX and FLEX-TD 
frames or cycles. The use of the arbitrary message allows 
sophisticated users ac;cess to aU of the features supported 
by POCSAG, FLEX, and FLEX-TD. 

Pager Tests 

A variety of testing is done during (he design and procloc- 
tioii of pagers. The foilowmg list, although not exliaustive, 
covens much of the testing: 

■ Preselector ahgnment 

■ Oscillatcir tuning 

■ Sensitivity 

■ Adjacent channel selectivity 

■ Functional. 

The first four tests are primarily RF tests. Functional 
testing of the pager is a system-level test. All testing is 
done witli the same basic test setup (sec Figure 8). A 
pager is placed in some type of RF isolation, one or more 
inputs signals are applied, and the parameter of interest is 
measured. 

Freserector Alignment. Many pager designs use adjust- 
able components in the preselector section of the receiver. 
The receiver of a popular POCSAG pager, for example, 
has one timabie capacitor (2 pF to 10 pF) and three tim- 
able inductors (two 3-tuni and one 17-tmiv)- These com- 
ponenLs are aciJusU^d during testing. For exajnple, if the 
pager is designed to operate at 029.1 125 Mik with a 
25-kHz channel vtidth, the (^omponenLs in tiie preselector 
will be attjusted to iHter out frequencies outside of this 
cliannel. 



Figure 8 

Generic pager test setup. 
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For this test, a signal generator outputs a paging signal 
(for example, a four-level FSK sigiial for a FLEX pager) at 
the chaimel frequency (foi" extmiple, 929.1125 MHz). The 
acljustable components— tlu^ varialile capacitor and in- 
ductors-^are adjusted to maximize the received signal 
strength after the amplifier Many pager designs have a 
test point where a voltage level that is propoiiional to 
the received signal strength can be measured. For these 
designs a voltmeter can be used to verily that the pre- 
selector has been properly aligned. 

Often during design a spectrtmi analyzer is used to ensure 
that the spectnim of the signal is projjerly ptLssed. The 
received signal strengtli can be viewed directly ou the 
spectnim analyzer by ac^jasttng the center fre^iuency of 
the spectrum analyzer to the desired chaimel (for exam- 
ple, 929.1125 MHzJ and setting the span to at least the 
chaimel width (for example, 25 kHz). The spectrmn ana- 
lyzer also displays any as^Ttmietiy m the preselector filter 
shape. The amplhude levels of the FSK sidelobes should 
be of equal height. Sidelobes that are of tmequal heiglit 
mdicate that the preselector filter shape needs to be 
adjusted. 

Oscillator Tuning, After adjustii\g the preselector to the 
appropriate channel, tlie local oscillator (LO) needs to 
be atljusted to downconvert the RF signal to the correct 
intermediate frequency (IF), Many pager designs incorpo- 
rate a vaiiable inductor into the oscillator design. A sim- 
ple method of tumng is to c;omiect a frequency coimter 
at the IF output of the first mixer and acijust rlie oscillator 
value until the coimter reads the proper IF frequeticy The 
signal generator must provide a sine wave at the required 
cham\el frequency (for example, 929.1125 MHz). 

This is an inexpensive solution. However, the counter rc^ 
quiies a filter to remove unwanted mixing products and 
generally requires a preamplifier to raise the signal level 
to the detection threshold. For desigiLs that use a tixed IF 
filter, the measmrement can be made at the IF filter out- 
put. This elhninates the need for an external filter at tlie 
counter input. A spectiinu analj^er ctm be used instead of 
a fi^equency countt^r The spectrum analyzer is hequency 
selective and has greater sensitivity This eUminates the 
need for an external filter and a preamplifier 

Some manufacturers iise laser trinnning to aclfust the LO 
frequency. In laser trimming, a YAG laser is aimetl at a 
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laser trimmable component: (usually a capacilor). The 
capacitor is generally a multilayer ceramic craj^acitoi". The 
energy from the YAG laser removes metal and ceramic 
material from the capacitor. The removal of material 
changes the value of the capacitor and Lhus changes the 
LO frequency. 

Laser trimming systems require an automated system tliat 
shuts off the laser at the pioper time, hi an automated 
system, an input signal is applied and the LO is timed 
while the rt^'eived signal strength at tlie first IF is moni- 
tored. When the received signal strength reaches the 
specilied level, the YAG laser is shut down. 

Sensitivity. Once Ihe pager hiis been properly aligned and 
tmuHl, the sensitivity of tht> pager can be measured. Per- 
haps tlie most impoilant specirication for a pager is the 
receiver sensitivity. The receiver sensitivity^ detennines the 
ability of the pager to receivi^ lowvlevel signi:ils properly. 
A pager with poor sensitivity will not detect messages 
reliably, resulting in iiitliappy customers. 

Sensitivity specifications are usually in microvolts per 
meter ([iV/m). A sensitivity me;asmem(^nt must be made 
with a cahbrated, known Held strength. To achieve this, 
the pager is placed in mi RF isolation enclosure, typically 
a TEM cell,^ screen room, or isolation cliamber. A .signal 
generator is attat hed to the enclosure. The field strength 
generated insicit^ the enclosure should be unilorm. Bit 
error rate (BER) is usually the perfcjrmance measme for 
receivers of digitally modulated sign^ds. The sensit.i\ity of 
a !>ager is formally defined us the minimum signal level 
that. producc>s a specified BER. hi practice, however, less 
cumbersome measurements are often substituted for BER. 

The 9-of-lO method is a conmion technique fen- measuring 
sensitivity In this method, the signal generator outimt is 
set to the sensitivity of the pager. Ten pages aie sent. To 
pass, at least nine of the ten pages should be received. 
Wl\en using a TEM cell, the pager should be oriented to 
achieve the maximum sc^nsitivity reading. Other tecli- 
niques involve vaiying the oricntatitm of the pager with 
respect to the incoming paging signal. 

A second technique, known as the 3/20 method, is more 
involved. In the 3/20 method, the pager is placied inside a 
TEM cell. The measurement begins with the pager placed 
in the npriglit position inside the TEM cell. A total of eigtit 

' A TEM cell provides electromagnetic i Eolation. Radiation pfopagating within the cell is 
largely confined to the transverse Blecira magnetic ITEM} mode 



measurementB are made, with the pager rotated 45 degrees 
for each measurement. The sensitivity of the pager, in 
|iV/m, is recorded at each orienl:ation. 

To obtain the pager sensitivity at each orieritation, three 
consecutive pages aie sent. If the pager responds to all 
tliree, the output power is reduced by 1 dB and three 
more pages are sent. The output power is gradually re- 
duced to the lowest level that triggers a resi^onse on each 
of the three successive pages. The output field strength is 
recorded as E^. 

The output power is then fiulher reduced by 1 dB, and 
twenty pages are sent. If ihree successive pages ai'e re- 
ceived, the cnitput power is reduced by 1 dB. If no pages 
are received, the output power is increased by I dB- 
Otherwise, the output power remains the same. The 
output field strength is recorded as Eaop- 
The pager sensitivity at each orientation is the average of 
E3p and E20p: 



En- 



E3p4'E 



20|j 



where n = 1, 2, ..., 8 identifies the orientation. The overall 
pager sensitivity is calculated as: 



Adjacant Channel Selectivity. Most pager designs have 
tight retiLiirement.s, on the order of 65 {IB, for afljacent 
channel selectivity. The acljacent channel selectivity of 
a pager receiver is a measure of Hie receiver's ability to 
receive a modulated input signal on its assigned chai\nel 
frequency in the presence of a second inoduiated signal 
in the adjacent channel ( ±25 kflz). Agmn, the standaid 
perfomiance measure is BER. Two signal generators are 
needed to measure adjacent crhannel selectivity ac;cmate1y. 
One signal generator provides the in-chaimel paging sig- 
nal, wliile the second provides the interfering sign^il. The 
level of the paging signal is generally set to a level above 
the pager's sensitivity (usually 3 dB) and the level of the 
interfering signal is mcreased tmtil the specified BER is 
achieved (nsually the sante BER specified for the sensitiv- 
ity test). The level difference between the two signals is 
then recorded as the adjacent chaimel selectivity. 
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In practicre, BEE measurements are generally not done. 
The following test, method is ofttm used. For a pager re- 
ceiver tluit has been timed to receive 929.1125 Mllz, the 
signal generator carrier frequency is set to 929.1125 MHz. 
The output of the signaJ generator is set to produce a 
paging signal. The amplitude of f he signal generator is set 
to 3 dB above the sensitivity of the pager The frequency 
of the interfering signal generator is set to an ac<Jacent 
channel, 929.L375 MHz. The interfering signal is FSK 
modulated with the proper deviation. The strength of the 
interfering signal is set below the a4jacent channel selec- 
tivity specillcation and is increased until the (modified) 
sensitivity of the pager (under the cuiTent conditions) is 
reached. The difference between the paging signal It^vel 
and the interfering signal level is the adjacent channel 
selectivity. 

The phase noise performance of the interfering signal can 
Neatly affect the ineasiu^einent. The following equation is 
used to determine the acceptable level of phase noise: 

Signal Generator Smgle-Sideband Phase Noise < 
-(A(^jacent Channel Selectivity) - (Noise/Hz) 
- Margin. 

For a specification of 65 dB, a channel width of 25 kHz, 
and a margin of 10 dB, the smgle-sidebmid phase noise at 
the channel offset of 25 klh must be less than or equal to 
-65 dB - 101og(25 kHz/I Hz) - 10 dB = -119 dBcTHz. 

The HP 864SA signal generator's phase noise at a 20-kHz 
offset for a i-GHz carrier is - 1 IG dBc/llz. The HP 8657 j\m 
signal generator's ph^ise noise at 20-kllz offset for a 1-GHz 
caiTier is approximately - 130 dBcTHz. For adjacent chan- 
nel selectivity measurements on pagem, the HP 8(>57A/B 
provides a better phase noise margin. However, the 
HP 8648A provides a cleaner solution for generating an 
^^K signal. 

In tlie previous calculation, a 10-dB maigin was used to 
determine the acceptable level of phase noise for a signal 
somce. With a lO-dB margin, tlie single-sideband phase 
noise of the signal generator will add 0.4 dB of error to the 
ac^jacent channel selectivity measurement. The following 
table indicates the en^or contribution for other margins. 

Margin (dB) 

Error contribution (dB) 3 

Functional Test. Functional test requires that an actual 
jjage be senL To do this, the test signal must contain the 
proper protocol Because of the need for pager testing, 



1 2 3 4 5 10 
2.5 2 J L8 1.5 1.2 0.4 



the HP 864SA option lEP incorporates much of the proto- 
col for the POCSAG, FLEX, ^d FLEX-TD paging formats. 

In general protocol is not t^^sted at the system level 
However, wiien the protocol affects the RF performance, 
the interaction of the protoctjl witli iJie RF section sh(}uld 
be tested and verified. The following tests verify this 
interaction: 

■ Recei\ing a message 

■ Reset 

■ Resynchronization 
m Roaming 

■ Receiving a message. 

During production, the fiinctional test of a pager is simple: 
Does the pager respond? Tlie requirements for production 
testing of POCSAG and FLEX pagers are generally few. 
The pager should respond to a message, all of the alert 
methods (sound, light, vibration) should work, and the 
entire display should work. 

Sending a message sounds like a relatively simple task. 
However, messages can be formatted in numerous ways. 
Most manufacturers of pagers produce a variety of pagers 
for a variety of markets. To ensure thai all needs are met, 
the HP 8648A option lEP supports tlie following: 

■ POCSAG 

c Numeric 

! I Alphaniuneric 

D Hex/Binaiy 

□ 14-Bit and 16-Bit Chmese Characters 

■ FLEX, FLEX-TD 
D Numeric 

D Numeric with Format (Special) 

□ Alphanumeric 

□ Hex/Binary (Used for Chinese Characters) 

D Numeric with Message Numbering. 

When testing FLEX pagers, synchronization must be pro- 
vided by the test signal. In addition, after the test signal is 
removed, it is often desirable to reset the pager lo remove 
tlie timing synchronization. The HP 8648A can bt^ config- 
ured to reset the pager. 



I 






i 
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On occasion, the entire FLEX network may lose timing 
synchronizaticiii. Wien this happens, all of the pagers on 
the network must be resynclironized, A resynchroniztion 
signal is sent by Lhe network to resynchronize liie pagers. 
Duiing design, the ability' oi tlie pager to do this should be 
tested. 

The ability to support roaming is a msyor contribution of 
FLEX. The FLEX paging protocol defines two methods for 
roaming: simulcast system identification (SSID) and net- 
work identificadon (NID). 

With SSID, a list of siniulcast areas is programmed into the 
pager. When the pager encounters one of these areas, the 
pager is instructed when to look (which frame) and where 
to look (which channel) to receive pages. The SSID iist 
contains codes dial identify the sinmlcast areas. In addi- 
tion, a chaimel scan Ust with the infonnation required to 
fm(! and identify each simulcast system is stored. For a 
pagcT to fully support SSID roaming, the pager must have 
the ability to change chaimels. 

NID roaming is a superset of SSID roaming, NID is sup- 
ported for subscribers that n\ay roam across national and 
possibly global regions. In such large areas, storage of all 
SSID information is impractical. 

Roaming is an iuTportant functional parameter to test be- 
cause roaming connects a feature of the protocol to the 
RF control of the receiver Although within the finuwai'e 
implementation of the protocol the proper bits may be 
set, the functional aspect should be tested because the 
change in the RF channel should be verified. 

RF Isolation 

RF isolation is needed when making any type of measure- 
ment on a pager. Without isolation, stray signals wdl be 
coupled into the pager by tiie antenna and even the 
printed circuit traces. Most specifications, however, ai-e 
written in terms of field strengths. Tiierefore, when using 



an isolation chamber, the power levebs of the test signals 
must be converted to field strengths: 

E = v'P X R/d, 

where E is the field strength in volts per meter, P is the 
power from the signal generator in watts, R is the output 
resistance of the signal generator, and d is the distance 
over which the power is radiated. In the more common 
units of dB above one microvolt per meter (dB^V/m): 

E^ = 20 log(E X 10^), 

where E^ is the field strength in dB^V/m. 

The HP 8648A comes with an optional TEM c:cll that 
provides RF isolation and a calibrated field strength. For 
this TEM cell, the conversion from power level to field 
strength is showm in Table V. 



Table V 

HPS64SA TEM Cell Conversion Table 



Signal 






Generator 






Power 


TEM Cell Field 


TEM Cell Field 


(dBm) 


Strengtti (^iV/rn) 


Strength (dB^V/m) 


-120 


2M 


9.29 


-115 


5JS 


1429 


-110 


a2i 


19.29 


-105 


16.38 


24.29 


-100 


29.14 


29.29 


Conclusion 



This article has reviewed the current trends in the paging 
industry, typical pager designs, and the test requirements 
of modern pagers. In addition, the contribution to pager 
testing of the HP 8648A signal generator with Option lEP, 
the pager signahng option, was discussed. 
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HP CaLan: A Cable System Tester that Is 
Accurate Even In the Presence of Ingress 



Daniel a Van Winkle 



Today, cable system operators have to deal with bidirectional traffic from 
sources such as pay-per-view television, high-speed Internet access, and 
two-way telephony, A cable testing system is described that can handle 
bidirectional traffic even with RF noise (ingress) on the return path. 
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Aw deregulation of the telecomniunicatloas industry has resulted iii an 
unprecedented sin-gt* of effort to iniplement new telecommimications seivices. 
The cabk television industr^^ in particular, is pushing hard to provide 
customers with two-way telephony, fast Internet service, and interactive 
video prograuiimng. As they prepare to implement and maintain two-way 
communications over their cable networks, cable industry engineers and 
providers of cable TV test equipment are facing a whole new set of c-hallenges. 

This article describes tiie background and design of the new HP CaLan ;3010H 
;ind :3010R gw^eep/ingress ^malyzer (see Figure 1), wliich enables c^le television 
providers to do return path alignmont in two-way cable systems and to troohle- 
shoot the system quickly regardless of tlie presence of RF noise (ingress). 



Figure 1 

The sweep/mgress anafyier consists of the HP30WH headend unit and ^e HP 30 WH 
field unit 
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Background 

Cable systems Imve historically been one-directioTial, Sig- 
nals from sources such as satellite feeds, conimunity ac- 
cess programming from local studios, tape machines with 
prerecorded programming and conuueicial insertion, and 
various antennas for both local and chstant broadcast tele- 
vision signals are received at a central cable office (head- 
end). Here they ai*e appropriately combined and rebroad- 
cast to various i)riinches over the cable system until they 
finally reach the subscriber's home, 

A typical cable system has trunk lines that feed bridge 
amplifiei's. The amphfiers feed distribution lines, which in 
1 Lun feed the tlc^xible cable drops to tlie subscriber's hoiTie. 
Approximately 4tM of the system's cable footage is in the 
distribution system ajid 45% is in the flexible drops to the 



home. * A cable system cai\ be as simple as a small head- 
end with a sii\gle tiimk line and only a couple of distribu- 
tion lines, or it can have multiple trunk lines, each with 
multiple distribution lines and possibly a remote heatlend 
comiected t^> liie centi-al headend through a niidsplit super 
tnmk. Figure 2 shows a poition of a typical conventional 
cable system. 

Many cable systems are upgrading theu^ plants* from low- 
frequency coaxial cable systems to hyi>rid fiber/coaxial 
cable distribution systems. In hybrid fiber/coaxial systems 
(also called fiber backbone systems) the system is divided 
into several smaller cable systems with imiplifier cas- 
cades hmited to fotu- to six amplifiei-s. Kach of the smaller 
cable systems is fed with a fiber Imk to the headend (see 
Figure 3). 



' The entire cable system is referred to as the "cable plant ' 



Figure 2 

Conventionai low-frequBncy coaxial cable system. 
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Glossary 



Ingress Any undesired signals present on the cable system. 
These signals usually come from inside the home, but can also 
come from ham radio operators, car ignitions, and other sources. 

Signal Level Meter {SLMl A signal level meter is used to 
measure signal levels in a cable system, it is typically a tuned 
receiver that is calibrated to measure a fairly wide dynamic 
range. 

Forward and Return Pilot The forward pilot is a modulated 

fixed-frequency carrier (set by the cable operator! that is used 
for forward communication in a cable system. Forward commu- 
nications travel from the headend to the remote site. The return 
priot is a modulated fixed-frequency carrier (set by the cable 
operator) that is used for return communications in a cable 
system. Return communications are from the remote site. 



Headend. The headend In a cable system is the location where 
signals are gathered from various sources {off-air, community 
access, tape machines, and so onl. The headend is also the cen- 
tral distribution point for the entire cable system. In upgraded 
two-way systems, the headend will likely contain some type of 
file server connected to the Internet through a T1 line. 

Remote UnftThe remote unit as defined for the HP 301 OH and 
HP 301 OR sweep system is the unit that is taken into the field 

to do forward and return sweeping. It is handheld and battery 
operated. 

Return Sweep Jhe return sweep is the magnitude response 
versus frequency of the entire (or partia!| cascade of all the 

amplifiers and cable lengths in a cable system in the return 
direction. Return sweep (and forward sweep) are used as align- 
ment tools for cable systems. 



Figure 3 

Hybrid fiber/caaxia} cabiB distribution system. 
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The advanlages of using hybrid fiber/coaxial systeniH in- 
clude significantly lower wkierabilily lo amplifier out- 
ages, reduced bandwidth restrictions, lower noise buildup 
(because fewer amplifiers are in sorics), and greatly 
reduced ingress. The greatly reduced ingress makes a 
twf)-way system practical Another major benefit of the 
fiber backbone approach is that, unplementation cost is 
relatively low. 

Mmvy cable operatoi-s are dso upgrading their plants tc) 
be bidirectional Not only will tlie system transmit signals 
from the headend, but signals from the subscribers' 
homes will also be transmittcnl from various in-home 
devices back to the headend. Figure 4 shows a generic 
return path system. 

The return path allows new services, such as audio and 
\ddeo telephony video-on-demand , and Internet access, to 
be offered. As the cable operators brmg up Ihese systems, 
tlicy aj e fmding that the return path (trom tlie home to 
the heaflend) is causing some new and interesting chal- 
lenges. One-way cable systems have a tree-like structure, 
in that information (modulated video carriers) is ted from 
the root up tlu'ougii the tnuik, into individual branches, 
and finally into the leaves (subscribers' homes). On the 
other hrn\d, tw^o-way systems have a river-like structure, 
in that evei^y house drop is like a .small c^reek tliat feeds 
iiUo a larger river and tlien pouns into a lake (headend). 
Any debris (noist^) that conies from small creeks wUl also 
end up being dumped into the Udce (headend). In a large 
system, liiis noise power can be enough to cause signifj- 
cant interferenc^e. Since most cable operators plan on 
using the low-frequency (5 to 4(} IVlHz) entl of the cable 
system, ai\d since most of the noise generated in homes 
is m this range, c^u^eful attention must be paid to estab- 
lishing and maintaining the return path. As mentioned 
above, a hybrid fiber/coajcial distribution system can lieip 
significantly in reducing return-path Ingress. 

Tlie Development Process 

Tlie devt^lopment process for the HP CaLan 301011 and 
3010R sweep/ingress analy7,er proceeded in three phases. 
First, we developed a proposed and model of an "ideal" 
cable testing system. Second, we created the design con- 
cept for the new analyzer by making a list of hardware 
and software tasks and performing a systenx analysis. 
Finally, using the output Irom the previous t%vo phases, 
we developed the product. 



Ttie Proposed Systflm 

The UP Calan 2010/3010 product line has historically 
been used by cable operators to sweep and ahgn their 
forw^ard path syslen^. The HP Caltm 2010A was essentially 
a signal level meter (SLM) that allowed cable operators to 
measure carrier levels and perform some FCC testing. 
The HP ;J()10A (the first instnnnent m the HP ;30I0 family) 
added the capability to perfonn a forward sweep like a 
scalar netw ark analyzer. For example, to perfonn a for- 
ward sweeps an HP 1777 integrated sweep transmitter 
wiis required in tht^ headend (see Figure 5a). This system 
worked by stepping ilie HP 1777 source across the 5-MHz- 
to-l-GHz band at a power level below the visual and audit} 
carriers. (Guai'dbanding was used to prevent the sw^eep 
som'ce from causing unwanted interference.) Tiie HP 1777 
was pulsed for approxunately 5 to 10 ps at each frequency 
step. The HP ;W10A then widened its receiver tin\e window 
to catch the signal from the HP 1777. Cai'eful timing of the 
source (HP 1777) mid die receiver (HP 3010R) was re- 
quired to mahitain synclmonization. Also, because the 
signal from the HP 1777 passed througli the entire cable 
system, the resultant signal level received by the HP :3010A 
show ed the s%vept amplitude response of the entire cable 
plant from the headend to the remote site w^ere the sys- 
tem was being tested. 

Because cable companies are working rapidly to upgrade 
their return path systems, an urgent measuremeuL oppor- 
tmiity has emerged: rpluni sweep. To perform a return 
sweep, the remote unit has to contain a frequency somxe 
with enough frequently range to cover the entire return 
bandw idth. and the headend unit has to contain a re- 
ceiver. Because the existiiig products (HP 3010A and 
HP 1777) did not contain the net ess ary hard w^aie, the 
design team proposed a scheme in which a sweep somxe 
would be added to the remote unit and a new^ headend 
unit would be created. The headend unit would have the 
same fimctlonality as the remote unit but would be capa- 
ble of acting as a central control point for the system by 
coordinating the sweeps of multiple remote units. A block 
diagram of this scheme is shown in Figure 5b. 

The Design Concept 

After evaluating the system shown in Figure 5b, the 
design team decided that to build these new instmments 
they needed to: 
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Modern two-way cable system. 
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■ Create a sweep/mgress analyzer that iiiciudes a sweep 
source and inaint^ins the fLmctionality of rhe original 
fIP3010A 

• Move the design to a process tliat is compatible with 
surface jnoum teclmology and use preferred parts 
where possible 

■ Move the design to a less expensive substrate process 
(The original HP :3010A RF board was Teflon laminated 
onto FR4.) 

■ Develop firmware changes to create a conmiuiiicatiDns 
protocol that would allow conuiiuiiication between a 
remote unit and a headend unit over the system being 
ineasiired. 



m Correct any of the current EF board yield issues, 
including: 

n The tuning range issues in the first LO caused the 
4.4-GHz-to-5.6'GHz oscillator to have clu'onic prob- 
lems with dropphig out at the low end of the fre- 
quency range at higher temperat,ures. 

n The first mixer input fiatness was veiy dependent on 
the positioning of the dual-diode mixer package. 

n The 20-dB preamp was ver>^ dependent on transistor 
fT (cutoff frequency), and since devic(?s tend to vaiy 
from lot to lot, the preamp often required hand- 
selected parts. 

G The 20-dB input match retiuired tuning. 



February 19M* The HewJetl-Packard Journal 



o 



)Copr. 1949-1998 Hewlett-Packard Co. 



Setup for a forward sweep laj anrt a return sweep (hi 
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At the beginning of the projec:t, the required hardware 
changes to the original HP ;^()10A block diagram (see 
Figure 6) were not readily obvious. We considered sev- 
eral schemes for the sweep souice portion of the new 
remote unit. We fmaJly settled on an approach tbat is 
based upon a tracking generator concept lised in most 
spectrum analyzers, hi a specULUii analyzer, a trac;king 
generator is implemented by operating the RF conversion 
in reverse. That is, instead of converting a broad input 



frequency range into a fixed IF usmg superheterodyne 
techniques, a broad output range is created by operating 
a superheterodyne receiver in reverse (see Figure 7). 

Tlie tracking generator approach appeared to be really 
promising. However, to continue to use the imit as a 
receiver, w^e added switches aioimd the RF converter 
section to switch between transmit and receive. The tinai 
configuratinn is shown in Figure 8, 
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Figure G 

Originai HP 30 WA block diagram. 
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Figure? 

Generic speutfum analyzer tracking generator. 
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This approach operates as follows. Iii the* receive modt^ 
the signal enters through the RF input and the atteiuiator 
section, is passed ilirough the fii-st transniiiyreceive switch, 
and is iiyected into the first mixer. Based upon the refer- 
ence level, the attenuators are set to keep the input pt>wer 
at the firal mixer at approximateLy - Si) dBm to - 40 dOm. 
The firet inixer upconverts the signal to a fixed IF of 4.454 
GHz, whicrh is filtered and passed on to the second mixer 
where it is do wtic- on verted to 124.0568 MHz. The 
124.0568-MHz signal is passed tlirough the second tnois- 
init/receive swiU:h to the IF sec-tion where it is amplified 
and mixed a second time with 113J356S MHz and down- 
converted to the fmid IF of 10.7 MHz. The signal is simpli- 
fied again, passed througli the resolution bandwidth filter, 
and applied to the log amplifier. The log amplifier output 
cat either be filtered through a 400-Hz low-pass filter, or it 
cai^ go directly to tl\e peak deteclor. The output of the 
peak detector is sent to the main processor boar^l, wliieli 
contains an analog-to-digital converter (ADC). 

In the transmit mode, the two transmit/receive switches 
ai-e reversed, and the 124.0568 MHz phase4ocked loop 
oscillator is turned on. Tlie 124.0508 MHz oscillator signal 
is passed into t:he second transmit/receive s\^iteh and in- 
jected into the second mixer where it is iipcoiiverted to 
4.454 GHz, filtered, and injected into the in^st mixer. 
Based upon the frequency of the first LO, the first mixer, 
operating in reverse, downeonveits this fixed IF to a sig- 
nal in the range of 5 MHz to 1 GHz. The resulting signal is 
then applied tiirough the tlrst transmit/receive switch to 
the output ALC (automatic level control) amplifier, which 
provides approximately 20 dB of ALC range to allow for 



slope correction and vernier l-dB atyustments of the out- 
put power. The signal is then passed througli an output 
attenuator which can be set to 0, 10, 20 or m dB, giving 
the unit an overall output power control rmige from 
10 dBmV to 50 dBmV. 

Overall Design 

mth the concept defined, detailed hardwiu^e development 
roold be stalled. Five maha hai'dware tasks had to be re- 
solved. From the concept defniition, two more design 
t^isks were created: a l24.056B^MHz phase-locked loop 
oscillator and a leveled sweep amphfier (wluch would Iks 
adjustable from 10 dBmV to 50 dBmV). 
Since one of the main priorities of Oiis project was time to 
market, breacU)oarding wns critical tcj start fiiTuware de- 
velopment and identify imfoieseen implementation prob- 
lems early. The breadboards ended up bemg very solid 
and, in fact, are still bemg used by the firmware engineers 
to develop further enhancements to the product. 

The next step in the hardM-are design was to convert the 
boiird from the fairly exjiensive low-loss material to a 
fairly inexpensive GeTek^i^ material. The circuits that were 
most likely to cause problen^s were those that caused 
problems in the t>riginal design: the first mixer and the 
first local oscillator. 

First Mixer 

A symbohc schematic: of the original first mixer is shown 
in Figure 9. The main ftmction of the first mixer is tcj take 
the input, signal (5 MHz to I GHz) and upeonvert it to the 
fixed first IF of 4.454 GHz by imdtipljing ii by the fii-st LO 
frequency. For an upconversion at 5 MHz, iiie fust IjO 
must be 4.459 GHz, and for 1 GHz, it must be 5.454 GHz. 

The mixer in Figure 9 works as follows: 

■ During the first half of the LO cycle, Dl is fon^^ard 
biase<l and D2 is reverse biased. A forwaixl-biased 
Schottky diode looks simply like a resistor, so the RF 
signal Hows through Tl into the niicrostrip hybrid, 
emerging at the TB/T4 junt;tion of tlie hybiid shifted by 
270 di*grees. Because a reverse-biased Schottky diode 

* GeTek is a tBirly Iqw-Ioss. woven-glass type of inaterial thpi' is much easier to process 
ttiar^ Tfiflon-based rnater is) JaminateC to FR4. Because GeM is easier to fabriMie, the 
raw board is sig^iificanHv less expensive ihan.ane made wittr Teflon, 
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Figure 8 

Findf block diagram for the r}ew HP SOW. 
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looks like an extremely small capacitor, an insignificant 
anioimt of Uie HF power flows into the r2/T3 junction. 

■ During the second half of rlie LO cycle, D2 is forward 
biased and Dl is reverse biased so that now tlie RF sig- 
nal flows into the hybrid at the T2/T3 junction, emerging 
at the T:3/T4 junction shifted by 90 degrees. 

The net signal comiiig out of the T3/T4 junction can be 
seen lo be a multiplication of the LO signal and the RF 
signal. That is, the phase reversal of yo and 270 degrees of 
the RF signal is essentiaDy the same as nuiltiplying the RF 



signal by a unit LO pulse train with an amplitude of ± L 
Figure 10a shows an overlay of an RF input signal of 
1 GHz and the fu^st LO signal of 45 GHz. The soUd trace 
in Figure 10b shows the voltage at the anode of Dl. The 
dashed trace in Figure 10b shows the voltage at the cath- 
ode of D2. As these signals are phase shifted through the 
hybrid, the resiQtant trace at the T3/T4 junction is showti 
in Figure 10c. This is equivalent to multiplymg the two 
tracer shown in Figore lOd. 
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Figure 9 

The ofigmaf configuration of the first mixer used in the HP 30JOA. 
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This multiplication perfomied in the tmie domain results in 
a translation in the frequency domain and the net result is 
the sum and difference of the RF and first LO frequencies. 
More specificaQy, if the input Jr^quency is f^f aiid the first 
LO fitHiuency is ^]^, mixing produces two new frequencies: 
flu = (ho + fff) and flow = fflo - frf)- In our case we are 
interested in the fhi so we sunply filter the flow with the 
first IF bantipass filter. 

It was not clear, at first, what was causmg the conversion 
loss to be so sensitive to tlie position of the mixer diode 
pair. A closer look at the layout shown in Figure 9 and 
the functional description reveals thai when Dl is forvt^ard 
biased the impedanc:e looking into tlie common leg is 
extremely important. In fact, it would be best if it were a 
short circuit at the LO frequency, and conversely, with an 
open circuit, tlie mixer won id h^irdly f miction. Looking 
out of the mixer RF input leg, it was extremely hard to tell 
what that impedance would be at 4.4 GHz or 5,6 GHz, and 
it w^is even harder to control. That leg is fed by a low-fre- 
quency (5-JV'lH2-to-l-GHz) 8-dB preanip and its output 
impedance is not easily defined or controlled at 4.4 GHz. 
What was needed at that point was an ac short over the 



LO range (4.4 to 5.5 GHz) that would pass a signal in the 
5-MHz-to-l-GHz RF input range. ThLs was a prime applica- 
titm for a radial stub. After conduciing simulation we de- 
cided to add a pair of radial stubs to the nuxer, resiiltiug 
in the layout shown in Figure 1 1. 

The new mixer shows a much better conversion loss 
(approximately 2 dB) and much better flatness across the 
band. We also fomid that the new mixer is less susceptible 
to U.) power vaiiations, and wht?n operating in tiie trackkig 
generator mode, shows approximately a lO-dB miprove- 
ment in harmonic perfomnuice. A bread boaiTl of the mixer 
w^as built and tested on the new GeTek material and was 
found tt> perform quite well, with the measured results 
closely matching those of the simulation. 

First tdcai Oscillator 

The first local osciUattjr, which had been a chronic prob- 
lem circuit on the original board material, needed to 
cover the 4.4 to 5.6 GHz range. This was perhaps the 
single most risky circuit to try to fabricate on a lossy 
dielectric material. Because ostrillatoi-s require fairly 
high Q resonators so that the negative impedance can 
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Figure 10 

Waveforms appeanng at tho junctions of the first mixer shown in Figure 9. (a) An overlay of an BF input signal of 1 GHz and the first 
10 signal of 4.5 GHz. (b) The voltage at the Tl junction (anode of 01} and the cathode of 02 (T2/T3 junction), (c) The phaso-shifted 
signals at the junction of T3/T4. (d) The two signals that could be multiplied together to produce the trace shown in Figure. JOc. 
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overcome liio lossy portion of the resonator, going to a 
higher loss materiai seemed like it could only make the 
problems warse. 

We simulated the oscillator in its original configuration 
to imderstand the nature of the origmal circ^uit's problem 
^\itii the luw end of the frequency i-ange dropping out of 
oscillation when subjected to heat. Also, tlie tiscillator had 
been susceptible to moding (multiple oscillation modes) in 
the past. Tlie oscillator was a negative-resistance oscillator 
vtith a mitTosfrip stub and a vaiactor as its resonator. The 
simulation revealed several things about tlie Dsciltator that 
gave insigiii into the cause of the recuiring problem at the 
low^ end of the frequency range. Tlie absolute value of the 
negative resistance was barely enougti to overcome the 
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losses of the restJiiator, and as the active device's paraiiie- 
ters moved witli increased temperature, the oscillator 
often dropped out of oscillation. To rectify tlus problem, 
the circuit was modified by adding a small capacitor on 
the collector of the oscviUator transistor. The added capac- 
itanc'c* had the effect of mo\ing the negative resistance tc^ 
a higher absolute value, diereby enabling the oscillator to 
overcome the losses of the resonator. Fiutliemiore, the 
resonator w^as acljusted to more closely center on the 
negative resistance of the active de\ice. 

Second IVTixer and Dielectric Resonator RIter 

The design team originally thought that tlie second mixer 
and dielec!tric resonator filter would not need many 
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Figure 11 

A modification to the conhguratlon shown in Figure S. This is thB configuration us&d in the new HP 30 WH. 
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changes other than scaling the line widths and lengths. 
However, because the second LO is loaded by the second 
mixer and diel(H'tric resonator, the line lengths become 
critical (see Figure 12). 

To prevent loading the dielectric resonator oscillator 
(DRO) at its center fretiuency C4;33 GHz), the combined 
electrical length from reference plane 2 to reference plane 
6 should be a multiple of 180 electrical degrees (or half 
wavelengths). In addition, it is best that the ek^clrical 
length from reference plane 2 to the mixer diode reference 
plane 4 he a nniltiple of 180 degrees at the IF frequency of 
4.454 GHz. Tliis is to prevent loading the mixer diode and 
to create a maxin^uni voltage swing across it. Finally, the 
electrical length from reference plane 1 to reference plane 
5 had to be a multiple of 180 degrees at 4.454 GHz (the 
fh-si IF frequency) to prevent loading the dielectric RF 
resonator (DRF) hy the DRO. The result is that the overall 
length of the long inter coimecdng microstrii? line between 
the mixer ajid oscillator has to be somc^ niLthlple of half 
wavelengths (such as 0.5, LO, or L5). 



The original Teflon-based design called for this circuit to 
have approximately one wavelength from the DRF ref- 
erence plane (reference 5) to the DRO reference plane 
(reference 2). This is made up of 0.5 wavelength from 
reference plane 5 to reference plane 4 and 0,5 wavelength 
from reference plane 2 to reference plane 4. Since GeTek 
has a Ingher dielectric constant than the Teflon substrate 
used in the old design, and since higher dielectric con- 
stants result in shorter wavelengths, it was physically im- 
possible to leave the length of the line at one wavelength. 
Unfortunately, we didn't realize tliis mitil after the first 
board turn. 

Much of the health of tliis circuit is based on the amount 
of mixer bias voltage comhig from the average dtr current 
Induced in the mixer diode by the second LO. In the fu^t 
turn of the new bom'tl, lite mixer bias voltages across 
Rl were approximately 30 to 40 mV. In comparison, the 
oiigiiiaJ board hatl a nuxer bias voltage of a]>proxhnately 
100 mV. After this itiis take was realized, and an extra 
ISO degrees of elecaical length from refeience plane 4 to 
reference 5 was added to the line, the mixer bias voltage 
was actually mcreased to an average of 110 mV. 



February IflSa •The HewleU-Psckaird lournal 



)Copr. 1949-1998 Hewlett-Packard Co. 



Figure 12 

The second mixer. 
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t24.0568-MHz Osciirator 

The design of the 124.056S-M{lz oscillator was fairly 
straightforward. It was implemented as a classic-al phase- 
lociced loop (iesign using a Motorola MC 145 150 phase- 
locked loop IC, having a reference frequency of 2.7648 
MHz. Since all the data exchanged between the headend 
and the remotes employs phase shift keying (PSK) modu- 
lation of the carrier, this capability was included in the 
124.0568^MHz oscillator design. Since frequency equals the 
derivative of phase with respect to tiaie, a step m phase is 
equivalent to an impulse in frequency Tliis phase shift 
keying modulation was implemented by impulsing the 
tiuiing line of the oscillator at a frequency outside the 
loop bandwidth of the oscillator. Since the VCO's output 
frequency is a fimction of voltage, we can acc;omplish a 
step in phase by applying im impulse of voltage thrciiigh a 
liiglvpass differentiator to the timing Input of tlie osc:illator 
(see Figure 13). 

Output ALC Amplifier 

The output ALC amplifier was implementjed using classical 
design techniques. This included a variable gain amplifier 
(IIP rV'A05208) on the input to provide the variable gain 
required for levchng. The signal was then passed tiirough 
two fixed-gatn amplifiers aud detected using a classical 



diode detector with a reference diode for temperature 
stability. 

Input Attenuator IVTatch 

Since Ihe HP 301 OH and HP 3010R sweep/ingress analyzer 
is used as a signal level meter, a large part of its accuracy 
depends on the input match. The specili cation for input 
return loss of the instnuuent is 18 cIB. The RF module has 
a specification of 23 dB.^- Tlie previous design had some 
difficulty meeting this specification, and often the modules 
had to be manually ac^usted lo reach the desh^ed perfor- 
mance. One goal of this project was to eliminate manual 
tuning to achieve tlie mput match. Tliis instniment is re- 
quired for use in cable systems having a Tn-ohm charac- 
ter ist it- impedance. Ail of the switches and relays that 
were available for the uistrmnent design wp.re designed 
for 50-olim systems (75-ohm relays and GaAs switches do 
not exist). 

To use these parts in a 75-ohm system required some 
unconventional matching techniques, hi a 75-olun system, 
a SO-olun 1 ransmission line (il' it is short enoughj li^nds to 

* The RF module has a lighter specif iuati or than the instrumeni because there is a cabk 
and IWD cannectars hatween the module output and the instrumeni output These cables 
and connectors degrade the return loss of the moduEe. 
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Figure 13 

PSK modulBiion gsn e ra tion. 
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function like a parallel capacitor. For a superheterodyne 
receiver, like the HP 3010, it is ck^sirablc l,o ha%'e a low- 
pass filter in the input. By nosing 50-olun parts as shunt 
capacitors in a classical iiidurtor mn] capacitor low-pass 
filter structure and high-inipedimc^e tnuLsnu.ssion fines as 
iiiductors, we were able to acliieve good input retunx loss 
and proper filtering. At the initial production release , the 
input retiuii loss did not quite meet specifications. How- 
ever, with some minor repeatable modifications, the new 
RF assembly aligned much faster than the original RF 
assembly. The complete RF converter board is shown in 
Figure 14. 

Communication Protocol Development 

Anotlier msyor part of this project was the development of 
firmware. Thiee nijyor features were added to the existing 
fimiware: 

» Reverse sweep and communications protocol 

■ Ingress detection 



■ Digital-c'hannel power measiu'ement. 

Reverse Sweep 

Th(> primtiry effort of the finnwaie development w^as to 
create an algorithm to perform a retun^ sweep. Return 
sw^eep is used to generate a sweep response plot of the 
return (subs crib er's-home-to-head end) position of the 
cable system (see Figure 15), With tiiis sweep response, 
tet:hniciaiis can align their amplifiers for the best possible 
response. 

Od initial inspection, the problem of communication 
between a remote tmit and a headend unit seemed like a 
fairly simple proposition, with the communication going 
something fike: 

■ Headend to Remote: **Hey, are you there?'' 

■ Remote to Headend: "Yes, Vm here." 

■ Headend to Remote: "OK, what do you want to do?" 

■ Remote to Headend: '1 want to sweep/' 
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Figure 14 

RF converter board 
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■ Headend to ReTnote: "^OK, go sweep.'* 

■ Remote to Headend: "OK, sync now," 

The headend and remote would be synchronized, and the 
remote would then send out pulses at various firequencies 
until the end nf sweep was reached. At that point, the 
headend could simply process the data and send it back 
to Lhe remote. It is easy to see that a simple one -remote 
system would be easy to program. 

Trying to handle multiple users (remotes) with this 
teclinique miglil result in the following communication 
dialogue: 

■Headend to Remotes: "Hey, are you there?" 

■Remote 1 to Headend: "Yes, Tm here/' 



Figure 15 

Typical return sweep response. 
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■ Remote 2 to Headend: "Yvs, I'm here/' 

■ Remote 3 to Headend: "Yes, I'm here." 

■ Remote 4 to Headend: "Yes, I'm here." 

■ Remote 5 to Headend: "Yes, Tm here." 

■ Remote 6 to Headend: "Yes, I'm here." 

■ Remote 7 to Headend: ''Yes^ Tm here." 

■ Headend to Remotes: "Watt! Wait! Waitl I can't under- 
stand you aU at once." 

At this point, t^ommunication woidd break douii. 

In our development, we cliose to take a more civilized 
approach. Each remote unit is assigned a serial number to 
enable the headend to identify and conmmni<*ate with it.. 
In addition, we decided there would be two states for the 
headend and remote uiuts; connected and uncoyiiiecied. 
In the comiected state the headend and remote tmits arc* 
in sweep loops. The headend can be comiectt^d to many 
remotes. It keeps a hst tiiat is used to control when each 
remote is run through the sweep loop. Tlie micoimected 
state woidd indicate for the headend that it is not con- 
nected to any remotes, and for any remote diat it is not 
connected to the headend. 

New users (remotes) would be poUed by repeating mes- 
sages broadcast on the forw^ard pilot from the headend. 
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Figure 15 
Ingress detection, 
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The fomard pilot is a frequency that is set aside in the 
cable spec-tRuii for comjiimiicatioir The HP 301 OR uses a 
fomard and return pilot to complete the comnumication 
loop. 

When new users are first eonnet-ted lo Qie cable system, 
they respond to the new user poll by returning (over rhe 
return pilot) their serial number and a cyclic redtmdancy 
checksum (CRC) of the sweep table stored in a remote's 
memoiy.* Tlic sweep table checksum resi>onse is inipor- 
tcint because if it does not match the headend^s sweep 
table cliecksimi when the unit begins to sweep, the head- 
end and remote units will not be synchronized, resuhing 
in bad sweep data. Once a new user has responded to a 
new user poll and received a sweep message from the 
controlling headend, it is then considered coimected and 
is added to the heatiend s queue, 

Sinc:e it is possible for more th.in one unit to respond to a 
new iiserpoU simultaneously, the headend can use four 
allotted time slots to listen for resjjonsos. To create rmv 
dom time slot selection, each n-niote in the not-connec;ted 
state that attempts to respond mil c^hoose a time slot 
based on a pseudorandom nunii^er generated from its in- 
temal clock Since the likelihorti of any two remotes 
being set to the same rime is vecy slim, a fairly equal prob-- 
ability exists for a given remote to respond in my one of 




Step 4 

\i ingress is local to the drop, the 
user can temporarily disconnect 
the problem drop to compfeto the 
sweep alignment 
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the Ibur time slob^. Because the headend can only respond 
to one time slot at a tune, the first remote unit's time 
slot that contains a message will be the next unit to be 
comiec^ted. To conclude the connection, any responding 
remote that receives a sweep message from tl\e headend 
will be considered comiected. 

Ingress Detection 

Since the Influx of noise (ingress) is a problem, we 
wanted to add a feature that would allow remote field 
techniciajis to see ttie level of ingtcss being received at 
the headend (ay at a hub site). In addition, it is miportant 
for field technicians to be able to see this ingress even if 
the remote unit can no longer communicate with the head- 
end. To accomplish tiiis. we decided to have two modes of 
ingress oper-ation: ii^liim spectrum mid broadmsl ingre^ss 
(see Figtire 16). 

Return spectnjm, as the name miplies, is notliing more 
than a snapshot of tlie return spectnim taken by the head- 
end and sent to the remote tmit over the foi-^vard path. 
The reltu-n spectrum measnremenl, like tlie return sweep 
measurement, is a demand nieasui^ement (the remote unit 

" Sweep tables are used in the HP 3D10 SLJVl system to keep the sweep signals out af the 
way of visuaL auraf, and, in some cases, digital carriers. 
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demands the measurement). It is very similar to the re- 
turn sweep measm-ement, except that the remote unit 
does noi send sweep pulses. As a consequence, no sj^n- 
chronization pulse is requirerl. When the remote unit 
demands a return spectrum measurement (dming tlie 
synchronization message) it waits in the listen mode. The 
headend Qien performs its usual new user poll, but 
mstead of listening for the sweep pulse from the remote 
unit, it measures the noise ingress. Upon completing the 
retiUTi spectrum measiu'emcnt, the headend sends a data 
message Lo the remote unit that requested the return 
spectrum measuren\ent- 

Broadcast ingress, on the other hand, is not a demand 
measm-ement. Broadc-asL ingress measurements c^an only 
occur if the headenfl is in continuo\is mode, or if it receives 
noise above a certain level whUe tiyli\g to receive a mes- 
sage from the remote unit. Wl>en this occurs, the headend 
sends a broadcast message containing the retiun si>ecti'um 
data to all remotes. When the remote imits receivt? this 
message, they add a softkey to their display and store the 
data in an array. The user can then view the data at any 
tune by simply pressing the softkey. Wlien llie headend 
is set to continuous ingress mode, it sends a broadcast 
ingress message every other sweep cycle. 

Digital Chann&l Power Measurement Algorithm 

Because many cable operators are now beginning to offer 
digital services, and since most digital services are broad- 
cast using some sort of digital modulation scheme (such 
as QAiM, QPSK, and so on) thai, results m a broadband 
noise-Uke signal, it is no longer an easy matter to measure 
channel power. Digital signals tend to look like noise ptul^ 
estals in the frequency domain (see Figure 17). A new 
algoritlun has been added to liie HP 2010 and HP 3010 
firmware to enable the user to measure digital chatmel 
power easily and accurately. 

An algorithm developed for the IIP 8591C spectrum ana- 
lyzer has been leveraged into the HP CaLan 2010 and 3010 
signal level meters. This algoritlun is based on the fact. 
tliat, at ai\y given center frequency, the power level de- 
tected at the output of the log amplifier is a lime sample of 
die total power contained withm the resohition bandwidLh 
of the receiver. That is, it equals the bandwidth midtiplied 
by the noise power density in that band (waLts/ll2). As an 
example, with a noise power density of - 100 dBnVHz, tlie 
total power contamed within a 230-kHz bandwidth would 
be - 46.38^:J dBm. (Tliis calculation must be performed 



with Imear power. To do the conversion in dB, - 100 + 10 
log(230 X 10^) = 46,383.) Since the resolution bandwidth 
of the HP 2010 and HP 3010 modules is approximately 230 
kHz, to measure ai\ S-MHz channel requires at least 35 
steps (8 MHz/0.230 MHz). To calculate the total power in a 
channel, the receiver is tuned to the low end of the chan- 
nel and Llren stepped across the entire band in steps nai'- 
rower than the bandwidth of the filter. At each frequency 
step, the power is converted to linear, averaged five times, 
weighted by tire overiap in the stt^p size, and added to the 
other frequency data. After the filial frequency is 
reached, the total power is converted back to dBmV for 
display. 

Tlie accuracy of this measuremeni depends on two m^or 
factoid: resolution bandwidth accui^acy aiid die ability of 
the detector to operate in sample mode. Since the shape 
of the resolution bandwidth filter is not easy to model 
mathematically, it is necessaiy to define U^e filter's noise 
equivalent bandwidth. This can be defined as the effective 
ideal bandwidth of the filter. It can be calculated by find- 
mg the iuea under the normalized curve of the filter. For 
example, an ideal brick wall filter would have a normal- 
ized amphtude response of one and a bandwidth of Aei 
Thus, the brick wall filter has a noise equivalent band- 
width of Aca 

Since the resolurion bandwichh filter is not consistent 
from unit to unit, we de\1sed a way to calibrate the noise 
equivalent bandwidth of the HP CaLan 2010 and 3010 
modules. Tiiis is accomplished by turning on the internal 



Figure 17 
Digitaf channeis^ 
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calibrator and stepping the first LO in fine increments 
around the center frefiuency. The responses are then 
summed in a trapezoidal ii\tegration to give the resultant 
noise equivalent bandwidth. 

For accurate mctLsurenient of a noise-hke signal, it is 
necessary for the dtMrctor to be in sample mode. This is 
veiy important bec;mst^ it is impossible to know what the 
peak to average power level ratio is for any given type of 
modulation scheme. Foituniitely, it is possible to run the 
detector in a sample mode. Thc^ final algorithm gives 
results that correlate w^ell with an mis power meter and 
with the HP 8591C digital channel power dowTiloadable 
program. 

Other fim\ware changes included upgrades tor printer 
support antl improvements to the user interiace to 
accommodate the newly added features. 



Conclusion 



The new HP CaLan 2010 and 3010R and 3010H sweep/in- 
gress analyzers were completed quickly to fill tlie urgent 
needs of cable system operators to sw^eep ^uid align the 
forward and retnni paths of their cable systc^nts. The final 
product is easy and intuitive to use and includes many 
siystem improvements. This was acliieved by setting ai^d 
maintaining clear priorities from the ver>' bc^ginning. In 
the order of precedence, these priorities were schedule, 
quality Ettid reliability, performance, and cost. By focushig 
on the priorities, we were able to introduce a new product 
within a very short time. 



Afs k no wl ed g m ant s 



Many people were mstnimental in getting this product to 
market in what may be record tinie for the Miciow^ave 
Instruments Division. The lab team made up of Bill Mor- 
gan (overall project leader), Brenda Coomes (fimiw^are 
project leader), Bill Scales (digital design), C -inda Craven 
(mechanical hardware design), MaIv^Mill^olland (remote 
finnware design), Cliin-Min Wang (headend :md digital 
power firmware design), and Jolm Miillan (user interfac:e 
and printer support firmware design) were i\li uistrumen- 
tal in the creation of this product. The documentation 



team made up of Jerry Green and Al Barnes did ^m excel- 
lent job of creating a comjjrehensive set of manuals. The 
manufacturing team incUuiing Dave Wolbeck (hardware 
support, and RF board test devek^pment), Jim Stock 
(hardw^are support and RF board test development), Den- 
nis Nishi Qiroduction engineering RF board). Ken Silk 
(production engineering instnmient test development), 
Phil Melman (production engineering support for every- 
thuig else), Adam Pirog (histnmient line teciurician and 
all-around ti'oubleshooter), Kim Holliday (industrial de- 
sign), Charlie Wolfe (production engineering mechanical 
engincH^r), and Patty Hicks (line supervisor) were instru- 
mental in reaching our shipment and pilot mn g<:>als. The 
new product introduction group consisting of Vic Sallee 
(new product introduction purchasing), James Fllison 
(design drafter), Steve Com ins (SMTC test support), 
Linda Morrison (new product introduction coordinator), 
and Jidie Silk (SMTC liaison) were also quite helpful in 
p ullin g things together. 
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article, take a look at the information located at the 
following URLs: 
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HPCalan-html 

■ http://www.tm o.hpxom/tmo/data sheets/English/ 
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HP3010R.html 

■ http://www,tmo.hp-com/tmo/data sheets/English/ 
HP3010B.html 

■ http://www.tmo.hp.com/tmo/datssheets/English/ 
HP2010B,html 
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